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Executive Summary:

This report detail the effort undertaken by Schafer Corporation during the period
between 1 July 1998 and 1 February 1999 in support of NRL efforts to define the
requirements and key scaling parameters for possible future laser fusion power reactors
driven by large krypton fluoride excimer lasers. While laser-driven fusion is not a new
topic. the last study performed for DoE was the Sombrero study undertaken in 1992. In
addition to being somewhat dated, this effort was also terminated ahead of the planned
schedule, resulting in some areas of the concept that were not thoroughly explored.
Nonetheless, it seemed prudent to take Sombrero as the baseline approach, or point of
departure.

Studies of the effects on both cost and efficiency of variations in possible laser
operating modes and concepts are presented as Appendix 1. It is important to appreciate
that while both the DoE and DOD communities have long appreciated the potential
scalability of KrF lasers, this is not the same as stating that these issues have been
extensively explored. While SDIO looked at the utility of megawatt class excimer lasers
for ABM missions in the early to mid-1980's, virtually all of the work was at the system
level of analysis and little work was done in terms of determining how to make such lasers
a reality. The only DoE work prior to Nike was the Aurora effort at Los Alamos and
much lower scale laboratory efforts at the basic research level in the 1970's. A
consequence of this history is that in determining how to develop the laser technology

_from the single pulse Nike level to that appropriate for a repetition-rated, long-lived

reactor dniver, the technologists have to start at a rather basic level in order to avoid the
indeterminate results which are the almost invariable consequence of trying to proceed on
too many parallel technological fronts at one time. The 5 Hz, 30-cm aperture Electra laser
under development at NRL is a conservative, logical and prudent first step beyond Nike.
While our efforts endorse this as the first step. it was also clear that one might not achieve
the performance in either laser efficiency or capital cost per unit laser pulse energy
necessary for an attractive reactor. This task tried to examine the potential of various
directions of further development after Electra in terms of their potential for approaching
the longer-term needs of the program.

The conceptual reactor studies effort was divided into two main sections:

1 It was assumed in all cases that the very effective induced spatial incoherence
(ISI) approach pioneered by NRL on the Nike laser would be used to control
final pulse duration and smoothing on the pellet. The laser studies showed that
it might be advantageous to operate the laser amplifiers at as long a pulse
duration for the gain as would prove feasible. Most simply put, the effect of
longer pulse duration was to linearly increase the amount of energy obtained

3



from each amplifier module. As an example, if everything performs as
postulated, then a microsecond pulse laser would require half the amplifier
modules of a 500-nanosecond pulse laser, halving the capital cost of the most
expensive parts of the laser structure. Even longer pulses would be consistent
with the large physical footprint of the architecture of a reactor site, even with
the increased number of optics modules. To a point, longer pulses might also
help to increase the electrical efficiency of the laser. Other than the laser
study, the main efforts in updating Sombrero were in the area of target
chamber and optics, which were not well defined at the end of the Sombrero
effort. In the optics area. a new technology, fusion bonding of crystalline
optical materials has come of age since the sombrero study. In many ways the
most desirable optical window for the electron beam-pumped laser modules
would be sapphire (crystalline Al,O;); however, at the present time the largest
high quality zero degree orientation (the one that is needed to avoid
birefringent effects) window element that can be obtained is about 15 cm by
30 cm in optical aperture. Fusion bonding offers a technique which could allow
larger windows to be fabricated from these 15 x 30 cm? elements arrayed as a
mosaic. Several design iterations were run with Onyx Optics, Inc. the
company that has developed and patented this process, and an approach
identified which would be affordable for the Electra Device (30 cm x 30 cm
aperture), would allow demonstration of 60 x 60 cm Nike sapphire windows
during the current effort. and would allow fabrication of meter x meter optics if
needed for a reactor driver module. The Sombrero study assumed that the
target chamber would operate at a low internal pressure. ~ 1 torr of argon or
another inert gas. and relied on differential pumping to retain all tritium in the
reaction vessel, as diffusion into the target chamber building. which was also to
be operated at an internal pressure of ~ 1 torr, could dramatically increase the
cleanup cost of tritium-contaminated material for the facility at end of useful
life. In the current study. an alternative to this phase of the sombrero design is
presented which allows: (1) operation of the surrounding facility at normal
pressure with no trittum contamination issue; (2) a material window,
nominally fused silica. which is protected from direct exposure to particles and
radiation from the target and which separates the atmospheric pressure and
low pressure regions: (3) use of a low pressure differential aerodynamic
window, ~1 torr on either side, separating outer and inner parts of the target
chamber; (4) the only optic exposed to the target is a grazing incidence mirror.
The aero window occurs at a beam waist. This location could also be fitted
with a gate valve to close it completely in the event of a malfunction where a
tritium release could otherwise result. An issue with the original Sombrero
concept that was identified was that it assumed a single pellet injection
system. In an engineering sense, this is not a realistic choice as this allows the
power plant to fail from a single point failure in this system. The optimum
number of injection systems clearly has to be two or more. This point has not
been pursued further because of limited funding, but , it is clear, that careful
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study is necessary to define a pellet injection system that has: (1) high
redundancy to avoid single point failures; (2) the capacity to operate
continuously at fidl rated load for months at a time; (3) the ability to operate
at reduced load in times of low system need for electricity; and, (4) the ability
to do all of these and deliver high quality pellets to the focal region accurately
at a (manufacturing plus amortized capital) cost not exceeding $0.25 per

pellet.

2 A second line of effort proceeded from a very different point of view. In this
effort, a parametric analysis was done to determine the interrelationships of
laser pellet gains, laser efficiencies and the allowable final cost' of power for
ICF fusion to be economically viable. From this model, presented in Appendix
2. not only can the requirements in laser efficiency be scoped out, but, given
reasonable assumptions from the power industry, the effect of the final
desired Cost of Energy and the fusion pellet performance on the allowable
capital cost of the laser.

For a future IFE power plant one must optimize the cost of electricity (COE) of the
plant, consistent with physical and engineering reality. Therefore, the two studies must
dovetail seamlessly. That is the "sweet spot” for reactor operation and that for laser
performance are contiguous, if not identical. Actually, it is not so simple, as the regime in
which most high energy per pulse ultraviolet excimer lasers has operated has been
strongly influenced either by the application at hand, which historically was not inertial
confinement fusion. or by the requirement to produce maximal single pulse energies from
the funding available for laser proof-of-concept experiments, and by available reliable
pulsed power equipment.

This is why the two studies from radically different bases are useful. The reactor
power plant conceptual study helps to define what are practical and needed goals for a
fuston laser development task: the excimer laser study helps to define what can possibly
expected from krypton fluoride lasers in the future, if not in the past. Between the two
studies. one can discern a region of overlap where this laser technology may be able to
achieve capital and operating cost requirements, as well as illuminating the efficiency
requirements to make a fusion reactor practical and an economically attractive producer of
electrical power.

The third appendix is a draft of a plan Schafer Corporation put together for NRL
as a "strawperson” approach to managing the type of experimental investigation needed
to determine how well a relevant KrF laser can operate in the real world, as distinct from
in a model. Folded into the concept is how one could manage a parallel alternate (solid
state)laser development. if that proves practical. The key to this plan is to focus on the
form of the management plan and the seniority of people required to carry it forward and
not the specific nominees.
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The fourth appendix presents a preliminary design performed by Schafer for the
magnet assembly of the Electra 30-cm aperture repetitively pulsed laser, which NRL is
developing in the first phase of the current DoE program.

The fifth appendix presents a preliminary design by TRW, Inc. for a floe loop for
the Electra laser.
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1.0 INTRODUCTION:

For over forty years the scientific community has been intrigued by the prospects
of developing fusion energy. The hope was to produce a cost effective, safe and
environmentally friendly energy source, which would have an almost unlimited source of
fuel. The original and still the main focus of the energy community has been the magnetic
fusion energy (MFE) approach. The significantly less funded energy concept, inertial
fusion energy, (IFE), has had to leverage its concepts off of technologies from the MFE
program that were applicable as well as those that were developed in support of the
Department of Defense and DOE Defense Programs. While these investments were
significant, the major contributions that they provide an IFE program are to-develop
phenomenology which can suggest IFE approaches but not provide the answers of the
technical and engineering issues required to develop an IFE power plant.

The result of this has been that the focus of the IFE program was less on building
large devices to demonstrate detailed technical issues and more on using the defense
program results coupled with analysis to create potential energy power plant constructs
which would provide attractive costs of electricity and thus be of interest to the energy
industry. Coupled with this, the community addressed some of the key technical issues in
a few well-chosen experiments.

In 1992, conceptual designs were completed for two IFE power plants by a
consortium of industry and university scientists. These were performed under the
Prometheus study which looked at both an indirect drive heavy ion beam concept and a
direct drive laser beam concept. The Osiris study, which was for an indirect drive concept
using a heavy ion beam as the driver. and the Sombrero study, which was for a direct
drive concept using a Krypton Fluoride (KrF) laser as the driver. The Osiris and
Sombrero studies were complementary for the two concepts and will be the baseline for
further discussions. Both studies produced power plant concepts where the cost of
electricity was between 5-7 cents/kW-hr, and the capital costs appear to be competitive
and environmental issues can be addressed and mitigated. Thus IFE should be
compctitive with other power systems. In addition, experiments demonstrated to date
show no technology showstoppers and confirmed/demonstrated several key technical
concepts. Thus IFE remains as a realistic option as a fusion energy source. This program
plan addresses the near term program proposed to address only a laser fusion power plant
based on the direct drive concept. In this concept, the target absorbs the laser light
directly rather than using the laser (or ion beam) to create thermal x-rays which are then
absorbed by the target. While the near term plan focuses on key technical issues, it is,
however, put in the context of those activities required to build an operational fusion
power plant. To date, the program has made two major advances. Scientists at the Naval
research Laboratory (NRL) have developed a high gain target design which can be traced
to experiments. These designs are within the performance bounds of the Sombrero study
and provide one anchor for its conclusions. The second achievement has been the
development of the Nike KrF laser, also at NRL. This system has demonstrated the
spectral bandwidth and spatial beam uniformity that is required to implode direct drive




.

targets and not incur deleterious plasma instabilities. These are necessary steps on the
way to demonstrating the enormous potential of IFE.

The demonstration of all technical and engineering issues relating to the design of
a fusion reactor in toto is a project of considerable complexity and could well take
decades to complete and several billions of dollars in current day [1998] funds to reach
the stage where the private power providers would feel comfortable with taking this over
as part of their future. At present, the MFE Program is faced with such a dilemma where
continued development of integrated systems, which are almost an a priori requirement of
today’s technologies, are of the scale where these full-scale developments would preclude
pursuing other options. even those with better economic potential.

In the current IFE program we wish to take advantage of the fact that inertial
confinement fusion is modular, unlike magnetic confinement fusion. That is, we can
separately develop and test the major components of such a fusion power plant without
building a complete plant. This has significant advantages in that it allows the
development of a program plan that addresses the key issues in either a series or parallel
manner, i.e. not all issues need to be addressed simultaneously, or at the same level of
vigor. Having stated this, it is important to understand that while one can identify issues
which with each element (laser, chamber, target) of a laser IFE concept, the one that
needs to be addressed next is to understand the demonstrated scaling of KrF laser
technology. Data obtained from laser modules can then be used to validate designs,
performance and costs of an eventual IFE KrF laser driver. In addition, it is important to
rekindle engineering efforts at a low initial state of activity. This will reduce the lead time
for later engineering activities related to the elements of the system. These include efforts
related to chamber design (wall materials, coolants, containment, breeding, target
injection, optical beam propagation) and target development (design refinements,
manufacture). Thus, while the near term focus will be on validating driver engineering

“and performance issues, valuable activity on the other long-lead elements of an eventual

system will be undertaken to focus subsequent activity. The reactor and target concepts
will be developed such that even the driver can be changed to a different one if it can be
made applicable for a direct drive concept. While NRL will be responsible for developing
the case for a direct drive laser fusion reactor employing krypton fluoride lasers to
implode the target, Lawrence Livermore National Laboratory (LLNL) will be responsible
for developing the case for a direct drive laser fusion reactor employing diode pumped
solid state lasers (DPSSL), with ultraviolet frequency conversion, to implode the target.

This document will mainly address only the Phase I: Concept Validation phase
the effort, an initial phase lasting four years in which the major priority is to identify and
resolve key technical issues. Assuming this effort is successful, the program in the 2003
time frame will decide on initiating a Scaling Validation activity based on whether KrF
and/or DPSSL, is ready to build a full scale 30-50 kilojoule repetition rate laser beamline.
This activity will be ongoing from 2004 to 2010, with the goal of providing the
engineering data needed to design [and cost] a Phase III: Engineering Prototype Inertial
Confinement Fusion Facility. This facility would provide the opportunity to demonstrate
a laser driven fusion reactor and would provide a full-scale evaluation of the engineering




Table 1.-1

Phase | Budget (M4)

FYo9 FYO00 FYOt1 FYO02

Krypton-fluoride Lasers

{includes development, target 9.5 20 23 17
design & fabrication &chamber design)

Diode Pumped Solid State Lasers

{includes development, target 1 6 7 11
design & fabrication &chamber design)
TOTALS 10.5 26 30 28

Table 1.-H Overall program plan for Phase I and II of the laser effort:
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readiness of the technology. Assuming success, the Phase IV: Demo Power Plant would
follow with the selected technology. The following figure shows the conceptual and
overall schedule through Phase II along with the Phase I projected cost:
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2.1 PLANT PARAMETERS: .

2.0 DIRECT DRIVE FUSION POWER PLANT CONCEPT

-

The system design is based on the Sombrero study. Sombrero was a 1000 Mwe,
KrF-laser driven power plant design performed in 1992 for DOE. There will be a number
of areas where new data indicates a need to update Sombrero. These will be noted in the
Sombrero description; revision may or not be a part of the proposed program, depending
on its criticality. As an example, the Sombrero chamber was proposed to be constructed
of a low-activation carbon/carbon (C/C) composite. Data developed since the study was
completed indicate that alternate materials might be better choices, based on
thermonuclear neutron damage. As there appear to be numerous possible alternate first
wall materials, and as the MFE program will be actively researching this issue, we do not
propose any effort, at this time on the IFE program. The first wall was proposed to be
protected with 0.5 Torr of xenon buffer gas. The issue of preferred gas fill should be
addressed on this program, as it involves issues of laser propagation through a turbulent
optical medium and the effect of that turbulence on the laser uniformity on target. Solid
Li,O particles flowing by gravity through the blanket were proposed as the primary
coolant and breeding material. This moving bed solid breeder blanket concept has all the
advantages of solid breeders but none of the disadvantages, such as the need for a high
pressure gas coolant and a separate He gas loop for tritium extraction. Helium is used to
fluidize the particles for transport around the heat transport loop. Liquid lead is used in
the intermediate loop to transfer heat to a steam generator and a double reheat steam
power cycle.

The KrF driver uses e-beam pumped amplifiers and angular multiplexing for
pulse compression. The laser uses relatively small (~60 kJ) final amplifiers and a new
plasma cathode technology which will be developed on this program for the e-beams in
order to improve the laser system efficiency. Amplifiers are grouped in four-unit modules
to minimize hardware requirements. Sixty beams are used to provide uniform target
illumination. Grazing incidence metal mirrors are used as the final optical component to
remove the dielectric focusing mirrors from the direct line of sight of high-energy
neutrons. The key plant operating parameters are listed in Table 2.1 -1

TABLE 2.1. -1 SOMBRERO POWER PLANT OPERATING PARAMETERS

Power (MW) 2,677.0
Energy Driver Energy (MJ) 34
Target Gain 118.0
Target Yield (J) 400.0
Rep Rate (Hz) 6.7
Fusion Multiplication 1.08
Total thermal Power (MW) 2,891
Power Conversion Efficiency (%) 47
Gross Electrical Power (MWe) 1,359
Driver Efficiency (%) 7.5
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Driver Power (MWe)
Auxiliary Power (Mwe)
Net Electrical Power (Mwe)
Tritium Breeding Ratio

2.2 SOMBRERO CHAMBER DESIGN

A cross-section of the 1992 Sombrero chamber is shown in Figure 2.1, and the
key design parameters are given in Table 2.2.-1 As proposed in the Sombrero study, the
chamber is assembled from twelve (12) wedge-shaped, modules that are totally
independent of each other with separate Li>O inlet and outlet tubes. The chamber has a
cylindrical central section with conical ends:; a radius of 6.5 m at the midplane and an
overall height of 18 m. Each module is subdivided both radially and circumferentially
into coolant channels as shown in Figure 2.2. The carbon structure fraction increases
from about 3% at the front to 50% at the rear of the blanket, thus providing an integral
reflector which does not require cooling. The first wall (FW) thickness is 1.0 cm. The
thickness of the cooling channel behind the first wall varies from 7 cm at the midplane to

- 37 at the upper and lower extremities, making the flow area constant along the entire FW
from top to bottom. This is done to ensure a constant velocity at the FW where a high

heat transfer coefficient is needed.

TABLE 2.2-1 SOMBRERO CHAMBER DESIGN PARAMETERS

304

55

1,000
1.25

First Wall Radius at Midplane (m)
Ovecrall Internal Height (m)

First Wall Thickness (cm)

Maximum Stress in First Wall (Mpa)
Blanket Thickness (m)

Total thermal Power (MW)

Surface Power (MW)

Blanket Power (MW)

Li:O Inlet Temperature (°C)

Li.O Average Outlet Temperature (°C)
Li>O Flow Rate (kg/s)

Max Li;0 Velocity at FW (m/s)
Number of Blanket Modules
Structural Mass Per Module (Tonne)
Number of Beam Ports

Li,0 Mass in chamber (kg)

Total Li,;O Inventory (kg)

6.5
18
1.0
43
1.0
2,981
803
2,088
550
740
5.590
1.15
12
37.8
60
670,000
2,000,000
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FIGURE 2.1 CROSS-SECTION OF SOMBRERO CHAMBER

. FIGURE 2.2 CROSS SECTION OF SOMBRERO BLANKET

The Li,O particles with a size range of 300-500 um have a void fraction of 40%
in the moving bed, and the grains are 90% of theoretical density. The Li,O particles enter
the top of the chamber from a manifold that doubles as a cyclone separator to remove the
particles from the He gas that is used to transport Li>O through the intermediate heat
exchanger (IHX). After the particles enter the chamber, they flow under the force of
gravity through the chamber and exit at the bottom. The Li,O velocity at the FW is 1.15
m/s and each succeeding radial zone has progressively lower velocities towards the rear
of the blanket. Low pressure (0.2 Mpa) He gas flows counter-current to the particles in
the chamber coolant channels; this helps maintain a steady movement of the particles and
prevents the formation of clustering or compaction. A thin coating of SiC on the inner

)
)
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surface of the coolant channels aids in sealing the C/C composite structure against He gas
leakage into the chamber. The Li2O inlet temperature to all of the zones is 550 °C, but the
outlet temperature is 700 °C for the FW coolant channel and 800 °C for the rear zones.
The total mass flow rate of 2 x 10" kg/hr has an equilibrated outlet temperature of 740 °C.
Flow in the different zones is controlled with baffles located at the bottom of the chamber
to ensure that there will be no voids in the blanket. After going through the chamber, the
particles are transported around the loop and through the IHX in a fluidized or entrained
state by He gas.

The FW is protected from x-rays and ions by 0.5 torr of Xe gas. Since the beam
ports are open to the reactor building, the whole building also has 0.5 torr of Xe gas. A
certain amount of He leakage into the building can be tolerated without degrading the
reactor performance. Innovative ideas for separating He from Xe, such as diffusion
membranes, must be incorporated into the Xe recycling system. (This is an area where
newer concepts than those used in Sombrero for protecting optics and confining tritium,
such as use of aerodynamic windows, or gas curtains, will have to address the issues of
maintaining the chamber atmosphere during operations.)

As noted above in this proposal, more recent data suggest that Carbon and Carbon
composite structures may not withstand continued operation as well as was expected in
1992. A different material for the reactor vessel will be required; at present, probably
either an aluminum alloy or silicon carbide would be favored. While important, however,
this is not really a critical issue, as the likelihood appears small that some reasonable
choice will not exist where the overall performance is comparable to that envisioned in the
Sombrero study.

Sombrero also had very §ood neutronic performance. The tritium-breeding ratio
was 1.25 with 0.91 coming from °Li. The energy multiplication factor was 1.08, which
increases the 2677 MW of fusion power to 2891 of total thermal power. The peak
displacement damage rate in the carbon first wall (FW) was about 15 dpa/fpy. and the
helium production rate was about 3.800 appm/fpy. The lifetime limit for radiation damage
was uncertain in 1992, but based on more recent data from Oak Ridge National
Laboratory. appears to be in the range of 25 dpa. This makes the Sombrero assumption,
that a materials program can develop a C/C composite with a damage limit of 75 dpa.
which would give a first wall life of ~5 py within a reasonable time, appear somewhat
unlikely. However, given that similar, but even more circumscribed material problems
exist for MFE reactor vessels, the impact of this issue depends on what further data is
developed for more suitable materials.

2.3 SOMBRERO POWER CONVERSION AND PLANT FACILITIES
2.3.1 HEAT TRANSPORT SYSTEM
The primary coolant for Sombrero is a flowing bed of Li20 particles in He gas

and operates between 550 and 740 °C. The primary loop consists of four coolant circuits
including one intermediate heat exchanger (IHX) in each circuit. The number of circuits
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is based on the size of the heat exchangers. A state-of-the-art heat exchanger design is
assumed. An intermediate loop, with lead coolant operating between 400 and 600 °C is
used to isolate the Sombrero chamber from the high-pressure steam loop.

2.3.2. POWER CONVERSION

To achieve a high efficiency power conversion, a high pressure, high temperature
steam cycle, similar to the Osiris plant, was adopted for the Sombrero plant. The steam
conditions as for the Osiris plant, have a peak pressure of 24.2 MPa and a peak
temperature of 538°C, provide a thermal conversion efficiency of 45%. ( The Sombrero
analysis appears consistent with the efficiency of a fossil fuel plant employing a similar
steam cycle in Monroe, MI.) However. in the case of Sombrero, 230 Mt of laser waste
heat is used for feedwater heating, and this increases the cycle efficiency to 47%. It
should be noted that this is may not be the most desirable situation, as high quality
electricity is used to make this component of the heat; a more desirable situation would
be a more efficient laser.

The steam generator arrangement is similar to that of the Osiris plant, with two
steam generators, each sized for 50% of the thermal capacity (1490 MW?t). Each steam
generator is a state-of-the-art design consisting of a high-pressure section, an
intermediate-pressure section, and two low-pressure sections arranged in a cross-
compound configuration.

2.33 REACTOR BUILDING
A concept for the Sombrero reactor building has been developed. The building

provides housing for the reactor, shielding of the public from fusion neutrons, and
housing for the final optics. In addition, the building accommodates remote maintenance

“of the reactor. The concept for this building is shown in Figures 2.3 and 2.4.

The size of the reactor building is dictated by the requirements for housing the
final optics of the laser driver. It accommodates 60 beam lines that offer a near-uniform
illumination. All the beam lines penetrate the reactor building through a beam handling
area in the basement. The building vacuum boundary is located at the building floor
where the beam lines penetrate the floor through windows.

The layout of the final optics in Sombrero was determined by the requirements for
reasonable lifetimes of the final optics, which was, and is, highly uncertain since there are
almost no data on radiation damage of either metal or dielectric optics in high neutron
fluences. Grazing incidence metal mirrors (GIMM) made of aluminum were used to bend
the beams slightly (84° angle of incidence) so that the dielectric focusing mirrors were
out of the direct line-of-sight of fusion neutrons. The GIMMs were located 30m from the
center of the chamber, and the dielectric focusing mirrors were 50 m from the center of
the chamber. Neutron dumps are located behind the GIMMs to further reduce the neutron
flux experienced by the dielectric optics, which are expected to survive for the life of the




plant without replacement. In addition to the neutron dumps, the reactor building floor
shields optics and equipment in the beam handling area.
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Figure 2.3 Elevation view of the sombrero reactor and steam generator buildings.

Several unique features were incorporated in the Sombrero reactor building
structural concept. Since the building was required to operate in a vacuum, it is subject to
an equivalent external pressure about 0.1 Mpa. For this reason, the floors and ceilings are
designed as shell structures rather than as plates to reduce cost. The building has also
been designed as a Seismic Category I structure and is adequately reinforced to resist
buckling against external pressure.

A concept for supporting the grazing incidence and final focusing mirrors was
developed. As shown in Fig. .3, each mirror was separately supported. However, for
structural rigidity. some of the supports were also tied together. Each support was a
combination of reinforced concrete members. The supports were also configured so that
the remote maintenance equipment could access the mirrors for refurbishment or
replacement.

The IHXs were located within the reactor building. However, they were housed in
individual cylindrical chambers. This arrangement accommodated the 0.1 Mpa
differential pressure (between the IHX chambers and the rest of the reactor building) and
at the same time allowed limited access to the IHX chambers during normal power
operation. The steam generators were located in a separate building outside the reactor
building.
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FIGURE 2.4 PLAN VIEW OF THE SOMBRERO REACTOR AND STEAM GENERATOR
BUILDINGS.

As discussed further under the optics section, the Sombrero study’s approach to
the opuical system may have underestimated the importance of positive control of the
tritium. It was assumed that tritium would be recovered by pumping on the gases present
in the reaction chamber. No passive methods, such as optical windows on the chamber,
were incorporated to ensure this result. Additionally, it was assumed that the entire
reactor building would be operated in a vacuum. On re-evaluating the optics issues, it
appears that one could incorporate pressure windows on the chamber, at a location that
would be outside of the neutron-irradiated volume. Additionally, the use of a low-
pressure (~ | torr) aerodynamic window between the focusing and grazing incidence
optics would greatly enhance tritium recapture in the central region of the target chamber,
as well as allow for better protection of optics. Potentially, this could considerably relax
the design requirements on the reactor building. The layout of this optical scheme is
shown as Figure 2.5 below. A solid window is used which is located in the beam leg for
each laser beam. but far enough away from the hot interior of the reactor that it can be
temperature controlled at a low enough temperature that it would remain a barrier for
tritium. This leg is separated from the interior of the chamber by an aerodynamic window
located at a focus of the beam (Both interior regions are at low pressure, ~ | torr, with the
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outer region slightly positive with respect to the inner.). After the focus, the beam is
directed by grazing incidence mirrors that are the only optics directly exposed to the
target radiation and debris.

Mirror @ F/25

aerodyriamic window

' .flu'eldin 2

Lens and
pressure
window

tar,

Figure 2.5 Conceptual layout for final optics train
2.4. KRF DRIVER DESIGN
2.4.2 DESIGN OVERVIEW

There are several goals in the design of a KrF driver system for IFE: 1) high
operating efficiency, 2) low capital cost, 3) technical credibility, 4) high availability /
reliability, and 5) low operating costs. In the Sombrero study. the authors assumed a
tenth-of-a-kind plant with technology that could be mature in the year 2040 (This was
common with most other recent fusion reactor studies, and allows some reasonable
amortization of specific development costs.). In creating such a design, the focus was on
how to optimize operating efficiency.

A point design was carried out for a 3.6 MJ (on target) KrF laser. This is slightly
higher than the 3.4 MJ used as the reference design for the Sombrero power plant, but
allows some margin. To scale the design to the lower energy, the volume of the final
amplifiers described in this section would be reduced in proportion to the laser energy




(i.e., by 5.6%). The design parameters for the 3.6 MJ point design are given in Table 2.4-
I

TABLE 2.4-1 KRF DRIVER AND AMPLIFIER DESIGN PARAMETERS
[FOR A 3.6 M]J POINT DESIGN]
OVERALL DRIVER:
Total energy on Target (MJ) 3.6
Number of Beam Clusters 60
Beamlets per Cluster 100
Final Pulse Width (ns) 6
Efficiency (%) 7.5
ULTIMATE AMPLIFIER
Final Amp Energy (kJ) 60
Arin Kr (%) 50
Pressure (atm) |
Inial Temperature (C) 500
Pumping (kW/cm') 400
Extraction time (ns) 600
Amplifier Gain 16
Rep-Rate (Hz) 6.7
Length in Optical Direction (m) 1
Length in Flow Direction (m) 2
Length in E-Beam Direction (m) 1
Flush Factor 1.3
Fluence (J/em®) 5
E-Beam Voltage (kV) 610
Diode Current (A/em’) 40.6
Diode Impedance (ohms) 0.6
Inductance (nH) 23
Apphied Field (kG) 6
Intnnsic Efficiency (%) 14.5

The KrF driver system consists of 1) a front-end which produces a pulse of the
desired band width and temporal and spatial intensity characteristics, 2) several stages of
intermediate amplification and progressive temporal/angular multiplexing, 3) final
amplification by large e-beam pumped 2-pass amplifiers, and 4) demultiplexing and
beam delivery to the reactor building. In the reactor building the beams are brought
through a mirror system that provides neutron protection to the laser stages and brings
equal amounts of KrF illumination to the target from 60 uniformly placed directions by
way of grazing incidence metal mirrors, which are the only optical element subjected to
direct neutron flux. The ultimate amplifiers (UA") in our system operate with a two-pass
gain of 16, so the penultimate amplifiers (PA’s) only supply ~ 6% of the total energy.
From this, it is clear that the efficiency and capital cost of the laser driver system are
dominated by the UA's. Because of this, our design discussion at the conceptual stage
focuses on considerations of these amplifiers, how their efficiency may be optimized, and
how they may most efficiently be assembled into an architecture that satisfies the target
requirements.
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2.4.2 KEY FEATURES ASSUMED FOR THE DRIVER SYSTEM INCLUDE:

Direct Drive with Indirect Drive Brightness Capability;

E-beam Pumping with High Efficiency;

Angular Multiplexing for Pulse Compression;

Final Amplifier Trade-offs: Total Efficiency Optimization and Waste Heat
Utilization

2.5 CONCEPT VALIDATION

In support of the Sombrero concept, some technical activities have been already
executed. The key ones are as follows:

e In 1995, NRL completed the Nike KrF gas laser, and demonstrated non-uniformity at
the focus of each laser beam of only 1%. With beam overlap, this non-uniformity
dropped to about 0.15%.

o In 1996, NRL used Nike to accelerate flat plastic targets, and demonstrated with new
diagnostic techniques that the laser produced a non-uniformity on the target
equivalent to only about 100 Angstroms of surface modulation (about 100 atoms).
The experiment was in reasonable agreement with the computer simulations. This
resolved the fundamental problem of producing sufficiently uniform laser beams to
implode direct-drive targets, and provided a foundation for using the computer
simulations to design high gain pellets.

e In 1997, NRL used its computer codes to design two new targets that would have
thermonuclear energy gains of approximately 100. The predicted energy gain meets
the minimum requirement for a fusion reactor. These target designs are still under
evaluation.

e In 1997, LLNL using internal discretionary funds began the *Mercury™ project, to
develop a diode pumped solid state laser with 10% overall efficiency, as an alternate

.candidate for a fusion reactor using direct drive pellets.

e In 1998, the University of Rochester will use their Omega laser to determine if the
overlap of multiple laser beams raises the threshold for laser-plasma instabilities, as
has been hypothesized and as-is necessary for success with direct drive target designs.
NRL will optimize its target designs using its 2D codes, and will begin experimental
validation by accelerating cryogenic foil targets using the same materials and laser
pulse shaping as the fusion targets. LLNL will begin 3D modeling of these targets, to
better determine the safety factors that will be necessary for their success.

3.0 EcoNOMICS

Fusion, as would any new technology, must provide a cost which is attractive to
the energy industry. This cost is made up of several factors that include both recurring
and non-recurring costs. Some of the key factors include fuel target costs, operation and
maintenance costs, fixed (administrative, environmental, regulatory, etc.) costs, charge
costs and availability factors. Other cost factors exist but are not clearly defined, at this
time. While it is easy to develop a technical program that empathizes the maximization of
technical parameters, this can lead to a concept that sub-optimizes systems performance
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and thus system economics. Therefore, the IFE program through its systems studies has
developed a first cut at concepts which can lead to a final system, which is an
economically acceptable solution. These technologies are all feasible, however, not all of
these need to be incorporated into a first demonstration plant, i.e. it may be most practical
to use the fact that the elements of an IFE power plant are reasonably separable. Thus,
one could develop a demonstration plant, which empathizes the key technical aspects to
demonstrate fusion but for the capital cost and integration risk issues, one could defer
some aspects of the systems optimization. Thus the plan can also be made cost-effective
while addressing key technical issues. The system and economic studies are the
methodology for tracking the impact of technical performance on system economic
feasibility.

The concept, to which we are working, even though it may still have some
undeveloped areas at this point, can be the basis for a realistic development plan. At the
most global level. we can define the regime in which the plant must operate in order to be
useful. S. E. Bodner has produced an analysis of the top-level issues in the June 19,1998
note “How cost of electricity varies with driver efficiency and target gain”. In this
analysis, the following points are made:

e The Cost of Electricity [COE] will be an all-important factor to the utilities,

and it can be written as:

COE =ﬂ:_£ , Where C includes all costs of building and operating the power
n

plant. i.e. its capital and fixed costs, operation and maintenance, pellet
fabrication, availability factor, etc.;

fis the repetition rate of the system; and,

En is the net electrical power delivered to the grid per shot.

e The net electrical power per laser shot can be derived from the following
model:

LIGE, 1. 1€GE,,

Conversion

e The net electrical power can be written as:

En - EL[]_]eG.._'_]
n

From this formula an expression for the relative Cost of Electricity [COE], as a function
of laser and pellet efficiencies, can be derived as:
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1
[l. £- ————]
COE (1.G) = 007G . Where the efficiency of thermal recovery
COE (.07,G) lle——l—
nG

for the reactor is taken as £ = 0.47 for a KrF laser-driven reactor from the Sombrero
study, which assumes recovery of the waste heat in the laser process. If we plot his result
against pellet gain, G, it is clear that the Cost of Electricity will only slowly change as
pellet gains or laser efficiencies are varied.
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While the COE does change with higher or lower efficiencies, it is a gradual change, and
the COE is certainly sub-linear in the range of likely laser performance.
From these curves, one can gdraw several conclusions: the COE is less than linearly

““ihfluenced by the laser efficiency, and the pellet gain has a considerably stronger effect

than the laser efficiency. This is because the characteristic product in the COE equation is
£G. not nG. Physically, €G is the fraction of fusion pellet output available as electricity,
so it sets the scale for the reactor design problem.

Based on these and other considerations from previous studies one can specify the
following top level requirements for an IFE power plant: -

TABLE 3.0-1 PLANT REQUIREMENTS FOR IFE

e Atutracuve/ Competinve COE < $0.10 per kwh
e Maoderate plant size <2 Gw

e Moderate plant Cost <$2B

¢ Environmental Effects minimal

This leads to physics goals that fall into acceptable ranges, rather than point designs:

TABLE 3.0-11 PHYSICS GOALS
e  Target Gain 50-200 higher is better
e Dmve Efficiency 5%-20% higher is better
* nG 5-20 higher is better
o Becam smoothness 0.3%-3% lower is better
e Beam Brightness 5-50x diff. Limnt lower is better
e Laser Rehability . 1010'° shots higher is better

These earhier analyses and these technical parameter ranges need to be re-validated
during the concept validation phase of the program. During this phase, the concept will
be refined to include technical results and assure that the goal to develop a cost-effective
concept 1s maintained.
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4.0 KEY TECHNOLOGY AREAS:

In this section we will discuss the status of the key elements of a laser fusion
reactor, the issues that have to be addressed in this phase of the program, and a top-level
description of how they will be addressed. The issues which this Phase I effort will
address will not be to refine the concept down to the last nut and bolt but rather will be
to:

a) Determine where the required extension of previous engineering practice is great
enough that a solution cannot be a prioi be assumed. These are the issues, which can
legitimately be termed key issues. If a technical solution is not found, then the Phase
II activity should not proceed, let alone later phases.

b) Refine and document the evolution of the overall reactor system/engineering concept
By updating the systems studies.This is represented by extensions, as appropriate, of
earlier fusion reactor studies, such as the Sombrero design study. Determine which
issucs appear major, but where risks can be reduced, as a matter of good engineering
practice. by using technology which has previously been applied to problems similar
in scope. if not application, or by using sub-scale tests and analysis.

- d) Identify materials development issues where the evolution of the required materials

science efforts to the necessary scale and reasonable cost may be lengthy processes,

or the materials impact demonstrations of engineering performance.

4.1 TARGET DEVELOPMENT

Target design and fabrication are key development and engineering issues for
several reasons. First, as we saw from the global analysis, without a target design with a
gain between 50-200. not only is it very difficult to achieve a reasonable cost of
clectricity (COE), but the only way to make up such a problem would be by postulating
high laser efficiency, and possibly total energy per pulse. On the four year time scale of
the Phase [ activity, there will not be a definitive experimental demonstration on a single
pulse basis of the successful operation of a full scale target for the fundamental reason
that no laser facility will exist capable of driving the target on that time scale. As much as
we would like to have a positive answer, we will have to be content with numerical
simulation and limited experiments on the available smaller direct drive facilities, Nike at
NRL and Omega at the University of Rochester. Assuming that these results are
favorable along with the other Phase I efforts. there might be an opportunity to use the
NIF at LLNL for direct drive implosions late in Phase II. It appears to be advantageous to
an IFE demonstration that the capability to do symmetric implosions on the NIF not be
compromised by whatever financial exigencies may occur during its implementation.

4.1.1. TARGET DESIGN
4.1.1.1 STATUS
4.1.1.1.1 TARGET DESIGN CONCEPTS The 1992 Sombrero laser fusion power plant

design assumed a direct-drive target with a gain of 118 (thermonuclear yield divided by
total incident laser energy). using a 3.4 MJ KrF laser. This target gain led to an attractive
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cost of electricity. The target gain however was just an estimate of future design
possibilities; in 1992 there were no specific target design concepts with gains in the range
of 100 that could also satisfy all of the known physics constraints. Then in 1997 NRL
scientists proposed two new direct-drive target designs with predicted yields of 100 —
110, using laser energies in the range of 2.5 - 3.5 MJ. These targets were based upon the
technique of enhanced heating of the ablator relative to the DT fuel, via shocks or
radiation. The heating of the ablator provided the necessary control of the hydrodynamic
instabilities. These targets should also have minimal laser-plasma instabilities. The 1997
status of the designs is described in two articles in the May 1998 issue of Physics of
Plasmas. by S. Bodner et al', and by J. Gardner et al".

In addition to direct-drive targets, the fusion community is evaluating a more
speculative laser fusion design concept™ for a fusion power plant called the “fast igniter”
that combines the above symmetric direct-drive implosion with extra lasers to ignite the
DT fuel at a higher density. If this fast igniter concept proves viable it would reduce the
laser energy requirements to 1-2 MJ, and raise the energy gain to the range of 200-300.
The improved target performance would lower the cost of electricity. However the fast
igniter concept requires very high laser intensities, and there is a substantial risk of
various deleterious laser-plasma phenomena. For the standard direct-drive target concept,
the peak laser intensity is less than 10H W/cm?, while for the fast igniter concept the peak
laser intensity approaches 10" W/em®. It is the hope of the fast igniter advocates that they
will be able to harness and utilize the various laser-plasma instabilities that occur at this
high laser intensity. The experimental results so far have been mixed, and the evaluation
is continuing. Although it is appropriate for fast igniter research to continue at its current
level of effort. the concept does not yet provide the basis for an enhanced laser fusion
energy program. Our proposed program is thus based upon the more conservative purely
symmetric implosion of direct-drive targets. for which there is now a sufficient
theoretical, calculational, and experimental data base to proceed with an enhanced
research effort.

The two direct-drive target designs that now have the potential for fusion energy
applications are illustrated below in Figure 4.1-1, labeled “b"” and “c”. There was an
earher and simpler DT target labeled *“a™ that may be tested on the NIF (proposed by C.
Verdon ™); this target may reach ignition but would not produce sufficient energy gain
for a power plant because the DT fuel is preheated along with the DT ablator.

Target (b) consists of a frozen DT fuel shell surrounded by a low density plastic
foam. approximately 0.05 g/cc. Target (c) consists of a frozen DT shell surrounded by a
low-density foam that is filled with liquid or frozen DT, and in turn is surrounded by a
very thin layer of solid plastic doped with a high-Z material such as gold, tungsten, or
mercury.
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FIGURE 4.1-1 DIRECT DRIVE TARGET DESIGNS

4.1.1.1.2 SIMULATIONS OF TARGETS. Using the NRL one-dimensional spherical
implosion code FAST1D, the foam ablator target “b™ has been calculated to produce an
energy gain of about 110, using UV light (1/4 pm) from a KrF laser, with a laser
bandwidth of 2 THz, and with “zooming™ of the laser beam so that the laser spot size
decreases while the pellet is imploding. The NRL 2D spherical implosion code FAST2D,
including ISI optical smoothing, predicts that the hydrodynamic instabilities will not
destroy the fuel layer, so that the DT should burn and produce high yield.

Target "¢ is predicted to produce target gains of about 110 using the NRL 1D
srhencal implosion code, even without laser zooming. This target does not have any
significant density jump at the ablator/DT interface and thus the interface will be stable.
However there have been difficulties in the 2D simulation associated with the complex
radiation transport, and the 2D analysis of this target is incomplete. There is however
hope that a successful implosion will soon be calculated for target “'c™.

There have not yet been studies of how either of these two targets will behave
with 173 rather than 1/4 micron laser light, and using SSD rather than ISI smoothing. as
would be available from a solid state laser such as the National Ignition Facility (NIF) or
a diode pumped solid state laser (DPSSL) IFE driver. Recent research has instead
concentrated on resolving the remaining numerical and physics uncertainties in the two
target designs. However based upon previous studies, it is expected that the 1/3 micron
light will have a reduced rocket efficiency and a reduced target gain. The targets would
also have increased hydrodynamic distortions due to the increased laser beam
nonuniformity of 2D-SSD.

Designs for inertial fusion targets have a different scientific foundation than
designs for magnetic fusion devices. In the magnetic fusion program, the design of the
fusion core has been based upon a combination of scaling laws, analytic theory, and
numerical simulations. In inertial fusion, the detailed design of a target and the
predictions of its performance are based primarily upon numerical simulations, using
large and complex radiation/hydrodynamics codes. The inertial confinement fusion
program does not utilize scaling laws to predict performance, and laser-target
experiments have been used primarily to evaluate and improve the computer modeling.
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However it is worth noting that one can never completely validate any complex
hydrodynamic code; one can only test it within limited regimes.

The FAST codes at NRL contain detailed physics and numerics that has been
especially optimized for direct-drive laser fusion. The code can follow the nonlinear
evolution of the hydrodynamic instabilities, and it contains highly sophisticated atomic
opacity physics. Gardner et al describes the code in detail in the reference. Here we wish
to emphasize the uncertainties in the numerical analysis of target “b™. (1) There are
numerical resolution limitations at the foam/DT interface. NRL scientists are attempting
to improve the resolution at the interface, but have not yet fully succeeded. (2) The 2D
version of the implosion code does not have a “burn” package. The burn is only
calculated from the 1D code. (3) The 2D code does not properly evaluate the 3D-laser
incoherence. nor can it calculate the 3D evolution of the hydrodynamic instabilities
during the implosion. Future research will address these limitations.

Direct-drive target designs must satisfy two types of laser-target physics
constraints: (1) control of the various laser-plasma instabilities in the under dense laser-
plasma coupling region, and (2) control of the various hydrodynamic instabilities that can
arise in the higher density plasma. The status of these two effects is summarized below.

4.1.1.1.2.1 LASER-PLASMA INSTABILITIES. There are approximately half dozen distinct
laser-plasma instabilities, (depending upon how one categorizes them). During the past
25 years the community has developed a very large base of experimental, theoretical, and
computational research on these laser-plasma instabilities. It has been demonstrated that
the combination of a short laser wavelength and incoherent laser light can reduce the
scattered light and the supra-thermal electron generation by orders of magnitude. in rough
agreement with theory. For direct-drive targets, the major remaining limitation in our
knowledge is the effect of multiple laser beam overlap. There is an expectation, and some

* preliminary evidence. that the incoherence of multiple beam overlap will provide some

additional stabilization.

Targets *b™ and “c™ are predicted to be above the effective threshold for some of
the laser-plasma instabilities by a factor of only 2-3 in laser intensity. The current
theories do not adequately include the effects of beam overlap, which should provide
additional stabilization. There is thus some reason to believe that the high gain targets
will not be destroyed by laser-plasma instabilities, provided that: (1) the laser light has a
short wavelength such as the 1/4 micron of KrF lasers or the 1/3 micron of solid state
lasers; (2) the laser intensity is limited to less than 10" W/em?; (3) the light has optical
smoothing with a bandwidth of a few-tenths terahertz; (4) the spherical target is
illuminated by several beams incident from several angles.

4.1.1.1.2.2 RAYLEIGH-TAYLOR HYDRODYNAMIC INSTABILITY There is also now a
very large theoretical and experimental data base on the hydrodynamic instabilities in
laser fusion, beginning with the 1975 NRL proposal to use ablative stabilization,
followed by the early 1980s NRL experimental use of optically smoothed laser beams to
accelerate plastic foil targets in the early 1980’s, followed by several advances in
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experimental diagnostic techniques at LLNL. However until recently there were have
been severe limitations in the optical quality of the laser beams in these experiments. The
community was thus uncertain as to how smoothly one could accelerate a target using a
good laser beam. With the 1995 completion of Nike and Omega Upgrade, the community
had laser beams of sufficient bandwidth and uniformity. Experiments at both of these labs
in 1996-1997 have demonstrated relatively good agreement between the experimentally
measured mass nonuniformities and the predictions from the computer models. This
added to the community’s confidence that these codes could also be used to design high
gain targets. There are still several limitations in the experiments, primarily the use of CH
plastic targets, rather than the foam and DT targets designed for ignition and high gain.

4.1.1.2 TARGET DESIGN GUIDANCE FOR LASER AND TARGET DEVELOPMENTS. Based on
the above, one can provide a set of target specifications for different target types. Below
arc the latest ones of interest. Since the targets must match the laser specification, they
are included as well.

Foam Ablator DT/Foam Ablator
Inner/outer radii of DT fuel ~ 1800/2077 pm ~1800/2077 pm
Thickness of ablator ~ 870 pm ~ 170 pm
Ablator density & material 0.05 g/cc CH 0.05 g/cc CH
0.24 g/cc DT
7% Au
Inner DT surface finish ~ 5000 A ~ 5000 A
Outer ablator surface finish ~200 A ?
Target Specifications, as of August, 1998
Foam Ablator DT/Foam Ablator
Number of beam directions ~ 60 ~ 60
Laser wavelength 1/4 - 1/3 um 1/4-1/3 um
Peak laser intensity ~ 5x10" W/cm® ~ 5x10" W/em®
Laser bandwidth, foot pulse ~ 2 THz ?
Laser bandwidth. main pulse ? ?
Laser nonuniformity. modes <50 < 1% < 1%
Laser nonuniformity, modes 50-200 ~0.2% ?
Power contrast (with zooming) ~120:1 ~ 120:1
Zooming in focal spot size ~ 2% ~ 2%

Laser Specifications, as of August, 1998

4.1.1.3 PLANS FOR TARGET DESIGN DEVELOPMENT AND EVALUATION:

1. High Gain Target Design:
» Improve 2D gridding at ablator/fuel interface of foam ablator target (DP funded)

» Complete high gain 2D design of DT/foam ablator target (DP funded)
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* Add burn physics to 2D implosion code (DP funded)

 Independently evaluate target designs with Lasnex codes (DP funded)

3D analysis of hydrodynamic instability growth in imploding targets with ISI
imprinting (OFES funded, this proposal)

2. Laser-Plasma Instabilities:

» Experimentally (on OMEGA) and theoretically evaluate effect upon two plasmon
decay mode and Stimulated Brillouin scatter of overlap of incoherent laser beams
(DP funded) ‘

« Evaluate on Nike. if necessary, the role of enhanced laser bandwidth on laser-
plasma instability thresholds (DP funded)

3. Hydrodynamic Instabilities
» Use Nike to accelerate foil targets with cryogenic DD and foams, to better
simulate high gain target designs (DP funded)
+ Use OMEGA to implode cryogenic targets with significant thermonuclear burn,
to study effects such as low-mode asymmetries (DP funded)

Notes: 1.DP proposal for targets should be included as an Appendix.
2.1s there any work on “Fast Ignitor™ under this program?

4.1.2 TARGET FABRICATION AND HANDLING

4.1.2.1 STATUS Target designs for the laser fusion driver (LFD) require the
development of new materials and fabrication techniques that are not part of the baseline
ICF Program or on the critical path for ignition on the National Ignition Facility (NIF).
Two of the three proposed target designs " (see Figure 1) for the power plant incorporate

- low density (40-50mg/cc). small cell size (< 200 nm), carbon/hydrogen foams of which

only a few candidates are currently available **’. None of these, however, have been
fabricated into targets with suitable properties, geometries, and the low cost needed for
power plant applications. Materials with the correct combination of composition (or
opacity). density, surface smoothness, and ease of fabrication into pellets are not
available with any current technology. Target fabrication may thus be the limiting
constraint on the success of some of the more promising pellet designs for this program.

The three target designs for the laser pellets that have been proposed for a direct-
drive fusion reactor are ‘":

(a) a DT ablator, shock preheat design;

(b) a foam ablator, shock preheat design; and,

(c)a DT + foam ablator, radiation preheat design.

(These are illustrated in figure 4.1-1, previous section.)

All three designs require the formation of a smooth, spherical deuterium-tritium (D-
T) ice layer for a high gain inertial confinement fusion target. The designs also require
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confinement of the fuel during and after the layering process. These pellet designs each
incorporates some kind of barrier layer to contain the fuel. The barrier must allow DT
gas to fill the target and after layering prevent the escape of the DT from the target by
sublimation. In addition to the barrier layer, the foam ablator/shock preheat pellet and the
DT-+foam ablator radiation preheat pellet incorporate low density foams into their designs
to provide ablative forces during the implosion which are needed to reach high
convergence ratios. These foams must be cryogenically stable, easily formed to the
precise dimensions, have a low density (p = 0.25 mg/cc) compared to DT ice, and be
composed of only low Z elements, ideally just carbon and hydrogen. The foams must
also be open celled for filling applications, have small pores (< 200 pm), and have an
areal mass variation of less than 1% over a few microns. The two designs incorporating
foam are the most promising of the three designs, producing the highest gains. The
development of polymeric foams meeting the requirements for this program is essential
1o 1S success.

Polymeric foams are most often prepared by blowing, phase separation, emulsion
polymerization, or sol-gel techniques. Each of these techniques produces foam materials
-with unique morphologies and associated limitations. The strength of the foam produced
by any given technique decreases with decreasing density (increasing porosity). At the
density required for fuel pellet design, very few materials have enough strength to be
machined or handled without damage to the foam. The cell size of the foam is governed
by the method of preparation. Of the techniques used to prepare foams, sol-gel
chemistries alone have produced materials with suitable cell sizes and densities. Sol-gel
produced foams have however proven very sensitive to exposure to solvents and to
physical handling. Solvent substitution and supercritical extraction are required during
the preparation of these foams in order to avoid the formation of zerogels (higher density
foams). This extraction step places some limitations on target fabrication. since a barrier
layer 1s involved. Carbonization of these and other foams has led to less sensitive
materials with good physical properties, but with some densification. Newer techniques
to produce foam materials including nanoscale templating “" and hyper-crosslinking )
have not been evaluated for these purposes, yet. These newer materials could meet the
requirements of the LFD program.

4.1.2.2. PROPOSED WORK PLAN

This section outlines a relatively modest research effort to identify and investigate
candidate foam materials and processes for the fabrication of high gain pellets (the fuel
container for direct drive laser fusion) for a fusion energy power plant. The technical
path proposed focuses first on the composition, pore size, and achievable surface finish of
candidate foams. We would synthesize billets of the materials, characterize them, and
evaluate their machinablity. This latter step might not be part of a fusion target
fabrication process because of the cost limits, but we believe that the step provides two
features that are worthwhile: first. machining the foams gives a reliable measure of the
surface finish achievable with the material, and second, machining spherical foam parts
provides a visible test of how well we are proceeding toward the specifications without
having to develop mass production methods for each material. Later in the project, as we
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down select from our list of candidate materials and processes, we begin development of
mass production techniques for the most promising materials.

-

" "The DT ablator desigii requires a very thin normal density polymer layer to contain

the fuel. The current likely materials for this application would include either the GDP
shells produced at General Atomics or thin polyimide shells, which are currently under
development at LLNL. The GDP shells are produced using microencapsulation
technologies and a depolymerizable poly (a-methylstyrene) mandrel. The size, wall
thickness, and surface smoothness of these shells falls within the range of materals
currently used on Omega and those needed for the NIF. The development of these shells
is continuing under funding for NIF and the technologies should be available for use by
this program. '

The foam ablator design features a thin vapor barrier separating the fuel from the
foam (50-mg/cc C or CH foam). A very thin normal density polymer would be used for
this barrier. GDP or polyimide would be used for fuel containment. The foam
surrounding this barrier needs to be a low density CH foam with an outer surface
smoothness of probably 200 nm. this sets limitations on the cell size of the foam.
Assembly of such a design would require the foam ablator to be cast or formed around
the vapor barrier or the vapor barrier to be formed inside the foam hemishell. This first
route could involve machining foam hemishells, which could be glued together around a
preformed vapor barrier. This route has already been demonstrated by LANL in its
Double Shell Campaign on Nova'®, however, with a foam that did not meet the
requirements for this program. The second route, to be pursued in FYOI and FYO02,
might involve an interfacial polymerization on the interior surface of the preformed foam
shell.  Possible polymeric foams for this of application would include phase-separated
foams, resorcinol-formaldehyde (RF) foams, hyper-cross-linked foams, composite
organic/inorganic foams and carbonized foams. The foams would have to be open-celled
foams that are casy to machine and handle. Recent developments in the backfilling and
machining of polystyrene foams have produced great improvements in surface finish
target handling. This technology should aid in the selection and processing of new
matenals.

The DT + Foam Ablator design features a solid DT layer surrounded by a DT-filled
open celled foam with an overcoat of a high-Z material. The development of foams and
filling processes for the foam ablator design would be directly applicable to this target
design.  The possibility of using microencapsulation techniques to produce the foam
shells would be explored as well. LLNL and Soane Technologies ™ Jaid some
groundwork in producing shells from RF for similar applications on NIF. The size, wall
thickness, density, and surface smoothness of these materials needs to tailored to our
apphications, however. A filling process would produce a smooth surface that could be
coated very uniformly with a high Z material. Three routes to filling would be used:
backfilling: the synthesis of composite organic, inorganic, and organic/inorganic
materials: and. nanoscale templating.
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In the initial, materials selection phase, the program will emphasize synthesis and
characterization of product following machining and casting operations. Rapid screening
of viable candidate materials for appropriate physical properties and ease of manufacture
will focus the research. This development effort continues throughout the program but
tapers off as the materials systems are down-selected and a number of suitable materials
are found. The adaptation of these new materials to shell production via

microencapsulation or other techniques would start only after finding materials that met

shell requirements for density, opacity, and surface finish. The ideal foam shell material
may be a compromise of physical properties and ease of production. We will provide
several candidate foams whose performance can be evaluated on existing laser drivers.

4.2. REACTOR CHAMBER
4.2.1. STATUS

As a result of the work on the Inertial Confinement Fusion Program, scientists
are testing theories against experiment using sophisticated target designs. As larger and
larger lasers drive these targets, the anticipated yield has risen to a level where the design
of a chamber to hold such experiments has become a significant challenge. The NIF
chamber is now being designed to hold targets with a yield of ~100 MJ and the X-1
chamber will be designed to hold 1,000 MJ yield events. On the other hand, the
experimental program only requires one or two shots a day and the chamber does not
have to be actively cooled to remove the thermal energy generated. Furthermore, the
chambers for near term defense related ICF experiments must be designed for frequent
access.

One benefit from research in the ICF area is that there is some synergism with the
IFE activities. Once the performance of the targets is understood and gains near 100 are
achievable. then chambers, which are appropriate to IFE, will need to be developed.
These chambers will have to operate reliably over reasonable periods (on the order of a
year) between scheduled maintenance intervals. Aside from developing rapid. ~5 per
second. target delivery schemes and higher rep-rated lasers, the chamber’s design for IFE
electrical power plants must accommodate the removal of ~ 3,000 MW of thermal energy
while protecting the integrity of the chamber wall. An additional function of the chamber
will be to breed tritium and maintain the environment for laser beam propagation
between implosions. Such severe concurrent requirements present additional challenges
to IFE scientists and engineers beyond those faced in the ICF program.

It is now recognized that early identification of the critical issues facing IFE
power plant chambers may allow modest experimental programs to be established to
address these problem areas. Further. it is recognized that while many analysis tools exist
from the ICF and other activities, there have been no systematic attempts to apply them
for detailed IFE purposes, nor have experiments been performed to address these issues.

While a number of paper studies on laser fusion reactor chambers have been
performed. the design data needed to completely specify such a chamber is not in hand,
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but is rather evolving rather slowly over time. This means that from the point of view of
1998, studies done earlier will have some weak points. It is important to concentrate the
strengths of the earlier studies, and not on what now appear to be weak points. The
Sombrero (1992) study, for example, postulated a reaction chamber made up of
carbon/carbon-composite sections much like the sections of a tangerine. This chamber
must contain the reaction products and thermalize them to allow power generation.
Recent data from Oak Ridge National Laboratory (ORNL) cast doubt on carbon as a
good choice. Another look at other more appropriate materials such as aluminum alloys
and silicon carbide should, of course. be done. But, the sectional chamber proposed in
Sombrero remains an attractive idea.

Sombrero assumed that there would be an internal atmosphere of ~1/2 torr of
xenon [or some other inert gas) to protect the wall from the x-ray flash. This atmosphere
must be processed to remove the heat [part of the power cycle], as well as to recycle
tritium. This idea needs to be critically evaluated, but the useful point was the idea of a
low density gas for x-ray protection of first wall and optics, not necessarily only xenon.

Windows or windowless target chamber designs are also an issue and various
studies have assumed all variations from no windows to fused silica windows. The major
issue here is confinement of tritium to the interior of the reactor vessel. This may not be
as simple as one might hope for hydrogen and its isotopes. For many years hydrogen is
separated from natural gas [largely methane] by passing it through hot fused silica tubes
through which the hydrogen diffuses; as an analogous process was used by Norsk Hydro
for deuterium separation in the late 130's and 1940’s, tritium leakage through hot fused
silica might be a problem. A windowless chamber, as was assumed by Sombrero,requires
that the rest of the reactor building operate in a near vacuum, which is a complication but
not necessarily an insurmountable problem. The upshot of these issues would seem to be
that:

e ascgmented reactor vessel such as proposed in Sombrero appears very attractive, but
the choice of material needs to be revisited: '

e  Windows on the reaction chamber probably need to be at or near room temperature
rather than the neutron blanket temperature if they are to contain tritium:

e Windowless chambers appear to have problemmatic, but not insurmountable
problems in terms of overall operational issues.

4.2.2 MOST CRITICAL ISSUES NOW FACING IFE REACTOR CHAMBERS

Many critical chamber issues have evolved out of the several power plant designs
conducted over the past twenty-five years. Four of the most critical issues are listed
below:

1.) Protection of the first wall facing the target implosion from the intense flux of
x-rays, ions, and particle debris released from the target (and the resultant
shock wave) on a repetitive basis (=10B times/year).

2.) Maintaining an environment for the propagation of the intense laser beams to
the target several times a second for continuous periods of at least a few
months at a time.
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3.) Protection of final focusing optical elements from the neutron fluence over the
life of the plant.

4.) Protection of the structural components from the intense 14 Mev neutron
fluence over the life of the chamber (=1023 n/cmz)

Of course, there are other important issues related to corrosion, breeding, induced
radioactivity, afterheat, etc., but the above four issues are the primary critical issues for
IFE reactor chambers. It is important not to treat the above four items independently
because they are usually quite interactive. One method to insure that a systems approach
will be maintained is to update or develop, at a modest level, an I[FE power plant study,
which requires that all parameters be self-consistent. This effort is vital so that solutions
can be tested in the “environment * of the rest of the reactor components. With such a
study as a necessary backdrop, one can go on to consider the analyses and experiments
that need to be conducted.

4.2.3 PROPOSED ACTIVITIES. In the time period from FY-99 to FY-02, there will not
be any large scale ICF device operating and, therefore, all the experiments will have to be
done outside such facilities. The following descriptions of experiments and/or analysis
that can be performed are listed below as subsets of the four issues listed above.

4.2.3.1 FIRST WALL

4.2.3.1.1. DRrY WALL The use of an internal low pressure (~ 1 torr) inert gas (He, Ne,
Ar. Kr. Xe) to intercept the target x-rays and ions has been proposed for dry wall designs.
The design parameters needed for such a solution can be better defined by modeling the
gas with the proper opacity information and shock wave analysis. Once a solution
appears reasonable on ““paper”, experiments with intense X ray sources can be conducted
a~ a function of gas density and gas species. The amount of energy transmission through
the gas can be measured as a function of time to determine the response of the solid or
liquid components of the first wall. The absorption of the ion and particle debris in the
gas can generate a shock wave which will impact the first wall surface. Codes exist to
calculate the magnitude and duration of the shock wave. Experiments in a shock tube can
measure the effects of such a shock wave on components inside the chamber as well as
the chamber wall itself.

4.2.3.1.2. WET WALL Proposals have been made to cover the first wall with thin layers
of liquid metal that are replenished through porous apertures. These structures can be
made from powdered metals, woven fiber structures, or by spraying a mist of liquid
metals on the first wall. Dynamic analysis of the interaction of x-rays and ion debris with
the thin liquid metals can be made with codes currently in use. The analysis can then
predict the thickness of the liquid metal needed to provide the direct and vapor shielding
of the first wall. Experimental verification of the analyses needs to be conducted for
various liquid metals (Li. Pb, Pb-Li, Flibe, etc.) Shock waves will be generated in the
liquid due to ablation. They can be calculated, but their effect in the adherence of the thin
liquid film needs to be studied. Experiments with existing shock tubes will address these
questions.
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4.2.3.2. LASER PROPAGATION

There is a close coupling between the first wall protection scheme and the

"propagation of intense beams of photons to the target in a predictable way. The essential

factors are the scattering or breakdown of laser light in an environment that might contain
atoms of inert gas or liquid metals. From the driver side, data needs to be developed on
the breakdown intensity of laser beams in such an environment. However, once the
critical levels are known, methods for achieving those levels (dynamically) must be
devised and demonstrated. Codes now exist to calculate both the vaporization and -
condensation rate of atoms. Once the dynamic behavior is-predicted, it should be
compared to well-defined experiments. Computer codes can then be calibrated for future
extrapolations to other conditions. '

In addition. concepts for target injection and tracking will have to be assessed.
These include methods of target injection into the chamber, protecting the target during
acceleration, and tracking the target to accuracies such that the multiple beams can
irradiate it. A related issue is that to have an operating concept that is not stressing and
has no single point failure mechanism, there must be multiple target injectors. Whether
the safely redundant number off injectors is three or more remains to be seem, but
clearly, the number is not one. This also implies that each injection system operates at a
reasonable fraction of the overall repetition rate, and has some *surge” capability. This
point does not appear to have been addressed in previous studies.

Existing gas gun technology appears, on paper, to meet the acceleration and
positioning requirements of the IFE applications. The target will require a sabot to protect
it from damage during the acceleration process. Laser Doppler interferometer and/or
other laser tracking techniques can be used to monitor the target trajectory and can
provide pointing information in enough time to actively point the beams for each shot.
The tracking and pointing requirements can perhaps be met with existing technologies.
The most critical issues have to do with operating the injector with cryogenic targets.

Small-scale tests should be carried out to demonstrate the integration of the
technologies required for target injection, tracking. and beam pointing. The test could be
conducted in a phased approach by first developing the gas gun injector, adding tracking
systems, and, finally demonstrating beam pointing of a target with low energy laser
beams. Operation with cryogenic targets, but not necessarily DT, will be required.

The target will be protected from physical contact with the accelerator by a
sabot. Once it is appropriate, the sabot flies off. As the target travels through the
chamber, it is subjected to convective and radiative heat loads. Therefore, targets for
direct drive concepts may have to remain in the sabot or incorporate additional thermal
protection (e.g.. a sacrificial layer of frozen gas on the outer surface of the capsule),
especially when used in high temperature chambers, such as those envisioned in the
sombrero study. More work is needed to demonstrate the integrity of the DT fuel layer
and capsule during acceleration and transit through the chamber. Experiments are needed
to develop appropriate sabot designs and heat load protection that can insulate the target
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during acceleration. The integrity of cryogenic hydrogen layers should also be examined
to determine acceleration limits for targets.

4.2.3.3. FINAL OPTIC

The development of final optics capable of functioning at an economically
acceptable cost is crucial to the success of IFE. The threat comes from multiple areas: x-
rays, ions and debris, and neutrons. In the case of laser beams, the ion and particle debris
can be shielded against by fast acting valves, rotating shutters, or acrodynamic windows.
The x-rays and neutrons travel much too fast to be removed by mechanical devices,
although an inert gas absorber might be effective with x-rays. The neutrons present a
special problem. They are too penetrating to be stopped by gas and they can, by multiple
scattering. bounce. Therefore, other solution, such as grazing incidence mirrors, and
neutron traps will be necessary. Sophisticated codes exist to calculate the neutron
transport and encrgy deposition profiles. Isochoric heating of grazing incidence may
disturb the surface finish needed for the next shot. Dynamic temperature profiles and
surface deformations of such optics need to be calculated by codes yet to be constructed.
Experiments to verify these analyses are also critical and need to be designed as soon as
possible. Some candidate experiments are:
e Experiments on long-term damage of optical materials,: sapphire, quartz,
CaF2, etc. , with short wave-length light and thermal neutrons; quantify
the extent of thermal annealing possible and expected lifetime for top
candidates;
e Experiments on the effect of neutron fluences on the surface quality of
metal mirrors; quantify expected lifetime:
e Experiments to determine the best achievable surface quality of liquid
metal mirrors, the reflection coefficient, and the time after a pulse required
to re-establish a high quality surface.

In addition, IFE should investigate the advances made in UV optics on
other programs, most notably the lithography activities that may not have the reactor
environment, but clearly have long operating lifetime as a goal.

Another issue, which may mainly be an issue of inadequate discussion in
the community, is the arrangement and choice of optics in the final leg of the laser beams.
The problem with the final focusing optics for the laser is protection from the flux of x-
rays and neutrons from the target. X-ray damage, if not ameliorated by a low pressure gas
background could be a real concern for optics as the short absorption length for target x-
rays in optical media and the short —ray pulse expected from a fusion pellet (~ 10's of
nanoseconds) could lead to very high instantaneous heating of the surfaces with resultant
mechanical failure. In microsecond pulsed DF laser irradiation of BK-7, an analogous
case in the optical region of the spectrum, the out- of-band failure levels was very | low
compared to in-band failure levels (~ 1 Joule/cm compared to 100’s of Jouleslcm ).

Providing a long standoff distance can help reduce neutron dose rates and
distances of up to 50 meters are consistent with the brightness of the laser beams and the
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somewhat relaxed focal spot dimensions for a reactor. The type of optical arrangement
used in current laser fusion experiments, which is illustrated below, will simply not work
for the high ambient fluxes present in a working reactor. This means that it will be
necessary to devise some other arrangement to protect the focus optics and allow them to
have a reasonable lifetime. Standard practice in laser fusion experiments, including Nova,
is clearly not good enough. This is shown below and consists of a thin glass debris shield,
a focusing lens and a vacuum window on the chamber.

A B ‘ target
Chambervac g DPoTTS smeid

window

&
>

Focusing lens

This sort of arrangement would suffer from radiation damage to all of the optical
components. This leads one into a discussion of what are realistic alternatives. There are
several possibilities, of varying desirability:

A geometry with the final optical element being a near grazing incidence mirror [or
mirrors] rather than a lens might mitigate the radiation problem in transparent optical
materials and substitute the possibly less stressing problem of the durability of a
mirror surface exposed to strong radiation fluxes.

e

Focusing
lens

Chamber vacuum
window

A difficulty with this approach is that the reflective surface must be closer to the
target than any of the transparent elements in the previous example to avoid direct
radiation paths to the transparent optics. The figure exaggerates this issue; with F/50
optics, the flux enhancement is not as severe as shown. While the window is beyond
the neutron blanket, the radiative heating from the backside of the blanket may make

it difficult to keep it at a low enough temperature to ensure no tritium leakage.

A windowless approach could allow the mirror to move back to the position of the
lens. but would either require large aperture upstream aerodynamic windows, which
would be power hungry, or would require the reactor building to be operable at a very
low pressure which would require even more special construction than other
alternatives. (This latter approach was followed in the Sombrero study.) Additionally,
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the tritium-handling problem now becomes an even bigger question mark, as now we
must inhibit tritium transport in the gas phase as well as diffusion through solids.

It appears that there is another choice which has not been proposed in earlier studies,
but which may be worthy of further investigation. In this approach, a near grazing
incidence mirror is used as the final optic in the chamber, but the beam is focused
twice on its way into the chamber. After the entrance window, it is focused through a
small acrodynamic window and then focused again by the final grazing incidence
mirror inside the chamber. The inner and outer regions of the chamber can both be at
low . ~1/2 torr to 1 torr pressures. with the outer region slightly higher than the core
of the reactor. This should not be an expensive aerodynamic window to run and it
should do a good job of confining the tritium in the core. Small leakage, or an
accident, is not too serious here as the solid window is now easily thermally shielded

from the blanket as a tritium barrier.

" shielding

Lens and
pressure
window

lar,

In this latter arrangement, at the f/25 focusing condition, a grazing incidence
geometry can be arranged. An advantage of this with shallow focusing is that a
nominally round or square beam can have a footprint on the grazing incidence optic
which has a much more elliptical or rectangular footprint than the beam at the lens;
hence. even if the optic is nearer the beam focus, the laser intensity on the razing
incidence element is adjustable.
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e LLNL has identified a very attractive optics suite for the 1/3 micron region.
Apparently the neutron induced color centering for some types of fused silica can be
annealed out for this spectral region if the piece of fused silica is held at 300-500°C.
They have suggested implementing this by using one or more optical wedges with a
few degree apex angle to take the more sensitive optics out of the neutron line-of-
flight. It is clearly worth looking for analogous effects in the Y4 micron region as the
simplicity of the idea would be attractive.

4.2.3.4 NEUTRON FLUENCE

4.2.3.4.1 L1QuID METAL BLANKET CONCEPTS The area, which has captured the most
attention in IFE cavity design, is the use of thick streams of liquid metal to moderate and
adsorb 14 MeV neutrons from the target. The idea is not new and has formed the basis of
reactor designs for many years. The early work has detailed the first order effect of
reducing radiation damage and activation. What is needed now is accurate isochoric
heating calculations and a description of the disassembly dynamics of the free falling
liquid metal streams or liquid metals in porous tubes. There is also significant room for
improving the design of the flow patterns and the ability to re-establish the flow patterns
on a 3-5 Hz frequency. Experiments to demonstrate successful flow patterns also need to
be performed. Another issue is the extent to which isolated droplets and aerosols of the
liquid metal will interfere with laser propagation to the target, and should be addressed
either in this area, or in the activity under 4.2.2.2.

4.2.3.4.2 DrY WALL CONCEPTS The use of flowing solid particles to capture the heat,
breed the tritium, and/or protect the first wall has been used in several power plant
designs and 1s part of Sombrero. This concept has much merit, but has issues. One of the
cntical 1ssues yet to be adequately studied is the method of maintaining proper vacuum
control as well as the design of solid to gas/steam/liquid heat exchangers. Compatibility

* with structural materials also needs to be addressed. Computational tools for the above

analyses exist, for the most part. Experiments illustrating the ability to capture and
transport heat to working fluids are required before the idea will gain acceptance from the
more conservative heat transfer community. Granule breakup and wall erosion may also
be 1ssues over the useful life of the plant. The Sombrero study assumed, based on the best
data then available that a carbon or carbon-composite first wall structure could survive
for a usefully long time in a fusion power plant. More recent data makes it questionable
whether a carbon structure could survive and maintain structural integrity for the required
total dose: alternate materials such as some aluminum alloys and silicon carbide need to
be evaluated for suitability in the role of first wall material in order to maintain the
attractive features of a dry first wall for a laser fusion power reactor.
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4.3 THE KRYPTON FLUORIDE LASER

4.3.1. BACKGROUND -

The krypton fluoride (KrF) laser is one of a class of rare gas halide excimer lasers
that were discovered in the early to mid-1970's. An excimer is an ion that has an
unstable ground state, but may have one or more stable excited states. Various
combinations of rare gas (He, Ne, Ar, Xe, Kr, Ra) atoms plus a halogen (Cl, F, Br) atom
have been found to meet this prescription, i.e. a bound upper energy level, butan
unbound (repulsive potential) ground state. It was realized very quickly that these
excimers might make attractive lasers as they would be de facto four-level lasers since
any ground state population resulting from lasing (or fluorescent) processes would
rapidly be destroyed by collisions with other ions or atoms in the gas. Another feature of
many cxcimer lasers is a relatively short wavelength, in the blue to ultraviolet region of
the optical spectrum, where most other stable ion gas lasers are not particularly robust
lasing candidates. They have attracted considerable attention from laser developers as
good success has been obtained in pumping them with either electron beams or with gas
discharges.

Krypton fluoride that lases at 0.248 microns drew considerable attention soon
after its discovery because of its potential for a laser fusion driver. In addition to the short
wavelength. it's high intrinsic efficiency and scalability to high energy were recognized
as advantages for this application. Additionally, the rather broad lasing bandwidth
(4THz). and the fact that it is a gas laser (versus solid-state) make it relatively simple to
implement a variety of techniques for smoothing and averaging the laser intensity on a
target to achieve highly uniform pellet illumination and manage thermal issues. The latest
and, currently, the best realization of these advantages are embodied in the NRL Nike
laser system. Nike and several other excimer facilities have demonstrated reliable
operation of e-beam pumped excimer lasers at high energy. However, to carry these
results forward and meet the challenging environment of a fusion power reactor will
require substantial additional development to meet the average power capability, as well
as to simultancously extend reliability and overall efficiency. In particular. it is necessary
to achieve the following extensions of KrF laser technology from what has been
demonstrated so far on the ICF program:

e To be viable as a power reactor, the laser driver in a fusion power plant should
have as high an efficiency as is possible consistent with cost constraints.
While efficiencies as low as 5-7% appear adequate to support attractive costs
of electricity, this high an overall efficiency has never been demonstrated on a
reasonably large KrF laser. The Nike laser, which was not optimized for
efficiency. operates at an efficiency far below this range. An objective of this
program has to be to carry out a series of developments and experiments to
demonstrate that such efficiencies are, in fact, reasonable for a reactor-scale
KrF excimer laser.
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Excimer lasers on the scale necessary for a fusion reactor will be excited by
high energy pulsed electron beam sources, at least if they are to be based on
known technology. There are some practical issues of both efficiency and
reliability for such sources. Typically, electron beam sources operate at
relatively low overall efficiency, on the order of or less than 50%, and with
rather poor reliability, a few hundreds to a few thousands of shots before
failures occur. Both of these characteristics need to be radically improved for
this technology to support high laser efficiency and reliability. As we will
discuss later, there is some technology, which may point the way to
simultaneous success in both areas.

Another issue which has not received much attention in earlier studies is that
one path to improving cost and maybe efficiency is to design the large
excimer laser amplifiers for a power reactor to operate at much longer
electrical pulse duration than amplifiers such as Nike (250 nsec). As a power
reactor site will be large for safety and environmental reasons, ~ 0.5 to 1
square mile, the real estate will be in hand to delay optical beams for much
longer periods than was possible on Nike. This could beneficially impact the
electron beam power supply efficiency and cost as long pulses will require
fewer magnetic compression stages than short pulses. From the point of view
of a power plant designer, it may be desirable to operate the laser amplifiers
with gain pulses as long as 10 microseconds, if this is possible. Compared to a
system using 2 microsecond pulses, one needs only one-quarter of the number
of laser amplifiers. There will be more optics in beam relays, but this is
relatively inexpensive and reliable. An issue that the program will address is
the extent to which excimer laser technology and pulsed power technology
supports such a long pulse laser strategy and what are the impacts (thermal,
maternials, etc.) of such a strategy.

e Some issues clearly scale without any real problem. Laser beam quality
should not be affected by lengthening the pulse as the duration, in either
case is very short compared to the acoustic transit time across the aperture,
1.2-3 milliseconds for a meter aperture [depending on gas mixture and
temperature]. This means that there is no time for any non-uniformity in
electron beam deposition to be reflected in changes in local gas density or
index of refraction. Similarly longer pulse electrical operation of the
pulsed power is always simpler and tends towards higher efficiency.

e An area of concern is the electron gun itself. The Nike electron guns use a
carbon felt cathode, which would not be suitable in any case for rep-rated
operation because of rapid degradation and debris. A better long-lived
cathode needs to be developed as part of this program in any case. Longer
pulses will be more stressing than shorter pulses. The only cathodes which
have been reported to operate at high currents, > 1 ampere/cm®, for long
times. ~ 100 microseconds, are the carbon needle cathodes developed by
the Efremov Institute in Russia for large CO; lasers. Whether this type of
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cathode, or some other choice, is in fact adequately reliable, is a critical
path issue in obtaining usable KrF lasers for a fusion reactor scenario.

e Another area of concern involves the chemistry of strongly excited KrF
laser mixtures. If all of the many reactions going on in the excitation of
this laser are reversible and rapid, then one can arbitrarily lengthen the
pulse. If, this is not completely the case, as the excitation proceeds, one
may deplete some critical species and see gain fall-off as a result. This
issue needs to be addressed for KrF as in going from sub-microsecond
time scales to tens of microseconds, you enter a regime where ions may be
used more than once in a single laser pulse. Some degree of non-ideal
behavior can be tolerated and, in fact, could be compensated for by
varying the input power of the e-beam source in time slightly. The key
issue is to determine what is going on in typical discharges and to
determine the amount of control, which can be exercised by simple
expedients such as operation at higher or lower total pressures.

e Optics for the KrF laser amplifiers is another area where the technology
used on Nike, fused silica windows, is not suitable for use at higher
repetition rates, powers, etc. A non-degrading window technology or a
repetition rated laser needs to be developed. The best candidate materials
from the point of view of fluorine compatibility, sapphire, calcium
fluoride and magnesium fluoride are not available now in single pieces
large enough for a full-scale fusion amplifier. A fusion-bonding process
may be the best way to proceed, in at least the near term, to show the
required performance.

4.3.1.1. COMMERCIAL KRYPTON FLUORIDE TECHNOLOGY

Commercial application of KrF (and other excimer) lasers now and in the near
future will be mainly in the semiconductor fabrication area for high-density (0.25 micron
and smaller feature size) microcircuits. This is a major market in the U.S. and
internationally and the semiconductor industry (Sematech) “road-map™ for optical
lithography through 2002 projects a commercial U.S. market for lithography equipment
(lasers, masks, mask and wafer positioners, etc.) of ~$400M, of which 1/3 to % will be
laser sources. Industry has risen to this challenge and is making discharge pumped
excimer laser sources specially designed to work as part of a semiconductor foundry
operation. An example of the performance particulars of one of the more successful
entrants in this field from Cymer, Inc. is shown below.
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From this picture it is clear that this type of laser represents a substantial investment in

Cymer 5000 discharge pumped KrF laser

engineering this type of laser beyond the “breadboard” level to where it becomes an
industrial component capable of sustained operation in a semiconductor “foundry”. The
table of specifications for the Cymer laser does not dispel this impression.

PERFORMANCE SPECIFICATIONS

ELS-5000 EX-5000
Wavelength: 248 nm 248 nm
Repetition Rate: 1000 Hz 1000 Hz
Pulse Energy: 10 m] 15m]
Average Output Power: 10W 15W
Spectral Bandwidth (FWHM) <0.8 pm <100 pm
Integrated Energy Stability: < £ 0.8% <+ 0.8%
(50 pulse window)
Gas Life: 100 million pulses or 5 days
Window Service Interval: 1 billion pulses
Expected Pulse Power Module Life: > 10 billion pulses
Expected Chamber Life: > 3 billion pulses

Note:Specifications hsted are typical.
Actual specifications vary depending on the exact configuration order.

Several points are noteworthy about this type of laser. Because this is a
commercial laser, designed for use in a production application, some care has been taken
to understand system availability. At 1,000Hz, the number of shots adds up very rapidly.
Five days of continuous operation amounts to 432,000,000 shots; apparently, the typical
user will operate the laser less than 23% of the time. In fact, for lithography, most of the
time is consumed by inserting, extracting and aligning masks and wafers. Additionally,
most users will measure exposures by counting the number of pulses to make a simple
energy gauge. The minimum expected exposure is apparently typically 50 pulses. It also
appears that even here with very low energies per pulse, the window lifetime of 50 days
is the pacing item, in terms of one where one must physically interfere with the laser
operation for an extended interval. (Gas changes could be automated where no real
interruption worse than those for aligning masks or wafers would result.) The next
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component expected to fail is the discharge chamber in the laser, at about 150 day
intervals. The discharge power supply is expected to last about 500 days.

For photo-lithography, one major difference with the fusion case is apparent if
one notes the very narrow line-width of the laser. A spectral bandwidth of 0.8 pm (the
Cymer ELS-5000) corresponds to a bandwidth of ~100 kHz at 248 nm, the KrF
wavelength. This is a very narrow line-width, essentially a single longitudinal mode laser.
In contrast. for fusion one wants a very broad bandwidth laser. An advantage of KrF is
that the gain line is so broad that a bandwidth.of 4 THz is obtainable. The reason why
narrow line-width is so important for lithography is to minimize color dispersion in the
optical system for exposing the wafers. Calcium Fluoride transmissive optical
components are preferred over fused silica because they have less color dispersion.

In short, while discharge pumped commercial excimer lasers may be an important
commercial laser, the extent to which, and how, this community addresses lifetime,
optics. efficiency and maintenance issues will be in terms of what is needed for optical
lithography. not in terms of what is needed for fusion. Therefore, while there will be
some synergism with commercial KrF developments, this may be more fortuitous than
planned. However, it will be of some benefit where there is overlap since
photolithography is a major laser market. That this should be so for KrF lasers is not any
more surprising than the limited extent to which neodymium glass lasers for fusion
impact commercial solid state lasers, which are mainly neodymium doped yttrium
aluminum garnet (Nd: Y3AlsOy2, or Nd: YAG).

4.3.1.2. HiGH ENERGY RESEARCH KRF LASERS

The most well developed excimer amplifier configurations for high energy per
pulse lasers have used direct excitation and formation of the excimers using relativistic
clectron beams, rather than the discharge technology used in the low energy per pulse,
high repetition rate commercial lasers. The highest energy per pulse ever achieved from a
discharge laser was ~75 joules from the NRL KARL 20 cm aperture discharge laser test-
bed in the early 1980°s. Scaling a discharge to appreciably larger apertures suffers from
two problems, both of a rather fundamental nature with negative practical consequences.
(1) As a discharge is scaled up, the minimum inductance of the current loop formed by
the discharge electrodes and the conductors increases proportionally to the loop area or
aperture width squared. This head inductance will limit the current rise time of the
discharge. As excimers are not storage lasers, the power dissipated during the rise and fall
of the discharge current is essentially wasted. (2) As the aperture is increased, the voltage
necessary for the discharge to have optimal coupling to the plasma increases as the
aperture width. This again makes large discharges less than optimal. Both problems
encourage one to “solve” them by raising the voltage even higher, which then makes
surface flashover a third problem. As a practical matter, discharges are well suited to
apertures of 10 cm or less, but become increasingly marginal at larger aperture sizes.

For fusion, where energies of as much as 50 kJ's are required per aperture,
relativistic electron beam excitation, in short, is the only scalable approach. Excimer




amplifiers (typically KrF, but sometimes XeCl (305.1nm)) have been built which have
produced single pulse energies of 5-10 kilojoules. Almost all of these lasers have been
built for very low repetition rates, 1-2 shots/hour or less for laser proof-of-concept or
laser fusion target experiments. There was some effort in the 1980’s to produce high
repetition rate, ~100 Hz, lasers for the Defense Department, but at considerably lower
energy per pulse, typically less than 100 joules per pulse. The most successful of the
DOE fusion related facilities is the Nike facility at the Naval Research Laboratory, which
was designed for very uniform laser irradiation of planar targets at energies in the range
of 2,000 to 5,000 joules. This facility uses 56 beams to sequentially extract up to 5,000 -
joules from a large (60-cmx60cmx 100cm) KrF amplifier. Technological successes with
Nike include the following:
a) Reliable target facility with more than 600 shots per year for target
experiments:
b) Laser energies is in good agreement with Monte Carlo e-beam deposition and
laser extraction codes;
¢) Development of closed-loop computerized systems to handle large number of
laser beams:
d) Achievement of the best target illumination uniformity of any large laser;
e) Achieved small enough intensity imprints in target momentum distribution for
target implosions in laser fusion application.

4.3.1.2.1. NIKE LASER DESCRIPTION

Large electron-beam pumped KrF amplifiers must be pumped for greater than 100
nanoseconds to obtain high energy: but the excited state KrF laser transitions have
lifetimes as short as the nanosecond regime. This means that the excited state KrF
molecules do not actually store any energy, at least on time scales of the pump duration.
Therefore. to cfficiently operate, the KrF amplifier needs a probing pulse as long as its

" pump pulse. That really says that KrF, even on sub-microsecond time scales, is a laser

that operates in an essentially continuous lasing mode. This presents a technical
complication for IFE since the pulse lengths needed for fusion have much shorter
duration than the pump duration. The best resolution of this mismatch, which has been
demonstrated on Nike and the earlier Los Alamos Aurora lasers, is angular multiplexing
where sequential beams are sent through the amplifier at slightly different angles. The
amplifier sees itself as uniformly loaded as first one pulse, then successor pulses are
amplified. At a sufficient distance from the amplifier, the beams separate as they
propagate. Nike uses a computerized scheme where CCD cameras view the position of
large groups of beams. This system allows the alignment of 56 beams in parallel. A
photograph of the Nike propagation bay that contains the computer-controlled optics that
accomplishes the angular multiplexing is shown in figure 4.1. Precise temperature control
of the bay assures that once the beams are aligned that there is little angular drift.

Figure 4.2 shows a photograph of the Nike laser final amplifier that is typical for electron
beam pumped systems. Two cathodes are located on either side of the gas cell containing
the laser gas. Pulse charged coaxial lines using water as the dielectric provide the voltage
to drive the cathode. Electrons are generated at the cathode surface, and are accelerated
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through a thin foil from vacuum to gas. External electromagnets prevent pinch of the
electron beam and help guide it through the laser gas.

-

F igure 4.1 The Nike propagation bay

This amplifier has demonstrated 5 kJ output distributed in 56 beams and produces 3-4 KJ
routinely for target experiments. Approximately 75% of this laser energy is transported to
target for experiments.

Figure 4.2 the Nike 60cm aperture amplifier

Direct drive laser fusion requires ultra-uniform illumination of the target to obtain
symmetric implosions. The only schemes to achieve this uniform illumination have
involved using controlled levels of coherence. Figure 4.3 shows the scheme used with
Nike to obtain uniform illumination. Output from a multi-mode, broadband KrF oscillator
diffusely illuminates an aperture. The aperture is imaged through the amplifier system to
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target. If the image is not distorted one obtains uniform illumination of the target. This
scheme requires broad laser bandwidth. Nike has achieved 3 THz bandwidths. The
scheme also requires that there not be appreciable distortion due to the nonlinear index in

“*the high power laser beams path. The gaseous media and the low saturation fluences

help ensure that this distortion is low. Figure 4.4 shows the excellent beam quality
achieved after the final amplifier with Nike. In target experiments where we overlap 37
beams onto targets, we have demonstrated very low levels of laser imprint, equivalent to
100 Angstroms surface finish. Our target calculations pellets show that with some control
of hydrodynamic instability, this illumination uniformity is adequate for high gain fusion.

Figure 4.3 ISI System Layout

Figure 4.3 Induced spatial incoherence (ISI) layout . showing image-relayed amplifiers
placed near the Fourier plane of the object. The instantaneous and time-averaged focal
profiles are illustrated for the case of a flattop object envelope.
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Figure 4.4 Nike focal distribution after final amplifier.

Figure 4.4 Nike focal distribution after final amplifier

4.3.2. ARFAS NEEDING FURTHER DEVELOPMENT

A number of areas of KrF laser technology need considerable development before
they would support the laser performance, efficiency and reliability required for a fusion
reactor driver. These include:

REACTOR ENERGY SYSTEMS. Reactors need about 3 MJ laser energies. The
largest KrF lasers are 5-10 kJ. This appears to be a large jump. However,
existing amplifiers are within a factor of —10 of that thought to be required for
a reactor. High energy can be achieved by using 50-100 modest energy
amplifiers in parallel. The Sombrero reactor study used 50 kJ amplifiers. A 2
MJ design study by NRL used 34 kJ modules. The amplifiers in the NRL
study used a segmented cathode scheme. Each segmented cathode was about
the same size as used in the NRL Nike 60-cm final amplifier. We do not think
that extrapolation of existing technology to the amplifier size. and energy
required for fusion energy is a serious problem. As noted earlier in this
section, an issue which was not addressed fully in the Sombrero study was the
potential for effective use of longer, ~ 10 microsecond, gain pulses in the laser
amplifiers. A Nike-sized amplifier operating for 10 microseconds rather than
the 250 nanoseconds of Nike could produce 40 times the energy or 200,000
joules. While this may be an oversimplification, we think that the issues of
achieving long run time, high repetition rate, high wallplug efficiency and
reactor grade reliability are the more pressing issues to be resolved in the near
term. Once the technology is fully developed, scaling to systems capable of

48




)

driving a fusion reactor appears possible. Care will be taken in this program to
pursue only amplifier technologies that readily scale to reactor size.

CosT/RISK TRADEOFF FOR LONGER PULSE LASER OPERATION. Most of the
single pulse electron beam excited excimer lasers which have been
demonstrated to date have operated with electrical and laser gain pulse widths
of 0.25 to 0.5 microseconds. This has resulted from a convenient coincidence
of the pulsed power technology developed in the 1970’s through 1980’s for
(largely) Defense Nuclear Agency generators and the amount of optical
multiplexing which can be accommodated in typical laboratory spaces. This
doesn’t represent an intrinsic limitation on KrF laser technology, and, in fact,
longer, i.e. microsecond pulse operation, appears to be a desirable mode of
operation for the next generation of higher efficiency devices. A thrust of this
program will be to determine how long a gain pulse is consistent with high
efficiency, reliable laser amplifier operation, and how cost and risk trade off
with pulse-width.

HIGH EFFICIENCY SYSTEMS. Simulation codes and experiments have
indicated that intrinsic efficiencies of 12-15% can be achieved with KrF.
Intrinsic efficiency is defined as the ratio of the electron beam power
deposited in thee gas to power out. With target gains of 100, one needs
minimum laser efficiencies of about 6 % for an economically viable reactor.
The net efficiency of the amplifier is reduced from the intrinsic efficiency by
inefficiency in generating the electron beam, and transporting it to the laser
gas: by losses in transporting the laser to the target; by the power to run the
magnets in order to and cooling of the amplifiers. On balance, it appears that
overall efficiencies of 6-8% can be achieved with KrF. But no system has
been constructed with this mandate. The highest reported net efficiency with
KrF is 3%. Developing amplifier technology that will allow such high
efficiencies to be obtained on reactor scale devices will be a primary objective
of this proposal.

HiGH REPETITION RATE. HIGH RELIABILITY SYSTEMS. As mentioned
carlier, the only readily available commercial systems are discharge pumped
systems. While these are low energy systems, the gas processing technology
and research into long lifetime optics is directly applicable to larger e-beam
pumped systems. A few high repctition rate e-beam pumped systems have
been constructed and operated by the DoD. The largest of these was the 10-cm
aperture 10J, 100 Hz XeF (351 nm) EMRLD laser system developed for
DARPA. Difficulties with utilities available at the White Sands Missile Range
when the laser was being tested restricted operation to a few tests with 10
second bursts of 1,000 pulses or less. Nominally the laser was designed for
true long-term continuous operation. A full demonstration of a laser amplifier
module with representative repetition rate, true continuous operation and high
reliability is critical for fusion application, and is a primary focus of this
research effort.
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OPTICAL MATERIALS AND COATINGS. Currently available optical materials
are not suitable for certain critical locations in a KrF reactor system. The
windows in the laser amplifier must function in a stressful environment. We
present in detail the status of amplifier window technology later in the
proposal. The optics after the final amplifier will be exposed to high fluxes of
laser light. The final focusing and beam handling optics will be exposed to
radiation from the target chamber. Testing and developing suitable optics is
critical for evaluating the feasibility of a KrF laser fusion reactor.

DESIGN TOOLS FOR LARGE SYSTEMS. A number of laser design codes have
been developed and used to predict KrF laser performance. Kinetics codes
have been written where the researchers attempted to predict the output of e-
beam pumped amplifiers based on simulations of the complex reactions in the
laser gas that lead to the lasing transition. Potentially this route could allow
accurate predictions of laser energy, intrinsic efficiency and laser pulse
shapes. This work was primarily accomplished in the 1980’s and there is
virtually no current effort in code development. There is a need to resurrect
and expand this work. In order to be useful in the design of KrF and to
accurately predict the laser output parameters, the code needs to account for
the complicated 3D geometry in angularly multiplexed amplifiers.

So far, detailed calculations of electron transport into KrF amplifiers have
not been accomplished. The design work in current systems has for the most
part involved simple analytic estimates of electron transport from cathode to
gas. Some work using a particle-in-cell (PIC) code in simplified geometry was
accomplished by Los Alamos National Laboratory. However, this code
predicted an e-beam instability that was not observed experimentally in the
Nike 60-cm amplifier.

We believe that with the availability of cheap large scale computing, it
would be cost-effective to develop electron transport codes. This tool could
aid greatly in the design of systems with efficient transport into the gas. This
is particularly critical in making accurate predictions of performance for the
larger amplifiers in a reactor system. It is worth noting in passing that much of
the early computational work was done on computers much less powerful than
current workstations.

4.3.3. PROPOSED LASER DEVELOPMENT TASKS.

The proposals in this section address the proposed approach to resolve the major

issues with the maturity of the KrF laser technology for a fusion reactor driver.

The first element and center-piece of the KrF effort is the development of a 30-
cm aperture 5 Hz amplifier module. This amplifier will utilize electron-beam pumping

and its development will address most of the issues involved in scaling this technology to

a reactor. The proposed amplifier is approximately the size and performance of the next

to last amplifier in a reactor system.
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The second element is the development of an advanced laser front end that will
provide the pulse shaping and uniform laser focal profiles needed for a reactor system.
This effort builds on the front-end development for the Nike laser, but will be oriented
towards performance parameters required for a reactor. The advanced front end will have
sufficient energy and repetition rate to drive the 30-cm amplifier. It will be combined
with the 30-cm amplifier and the resulting system used to develop and demonstrate pulse
shaping and focal profile control at high energy and repetition rates.

The third element, development of materials and coatings, is critical for both the
proposed KrF development and extension of this development to reactors. The KrF
amplifier environment is hostile to optics with high fluxes of x-rays, laser light and a hot
laser gas mixture that contains fluorine. This effort will center on developing window
materials and coatings that have longevity in this environment. Optical materials and
coatings at other high-stress locations in the system will also be evaluated. This includes
the high damage threshold mirrors for transporting beams to target and the final reactor-
exposed optics. This KrF laser-optic development at 248 nm wavelength will benefit
somewhat from and be coordinated with the synergistic development at 337 nm for diode
pumped solid state lasers.

The fourth element in the KrF development will provide the engineering tools
needed to design and evaluate reactor class KrF lasers. This will include two laser
simulation codes. The first will be an advanced kinetics code that includes beam
propagation through the laser system. This work will be based on a code now used to
simulate NIKE. The second code will simulate electron beam propagation from cathode
into the amplifier. This code will guide the development of high efficiency beam
transport and deposition in the laser gas. The physics that underpins the development of
the two codes will be tested with the Nike laser system as well as the newly developed

© 30-cm amplifier. These tools will allow much more rapid and accurate evaluation of
design choices for reactor class KrF amplifiers and systems. The resulting analysis may

point towards more efficient, lower cost operating regimes for KrF than present
understanding of KrF technology allows. The tools will be applied to develop a
costperformance optimized conceptual design for the KrF component of a reactor
system.

Together, these four elements will provide a comprehensive, rigorous basis for
expanding KrF into the regime required for reactor operation. In the following sections
we discuss the plans for each of these elements.
4.3.3.1 30-CM APERTURE REP-RATE KRF LASER AMPLIFIER
4.3.3.1.1. INTRODUCTION

Direct drive with a krypton-fluoride (KrF) laser is an attractive candidate for a

inertial fusion energy (IFE) because of its potential for outstanding beam quality and its
short wavelength. The recently completed Nike laser facility was built to study the
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physics of direct drive ICF by ablatively accelerating planar targets. Nike is a multi-kilo-
joule KrF laser with a very high beam uniformity (AVI < 0.2% for all overlapped beams),
and the unique capability to.accelerate relatively thick targets on a low adiabat under

"~ conditions scalable to direct drive ICF''!, Experiments with Nike have demonstrated that
KrF has achieved the beam smoothing required to reduce the effects of the laser non-
uniformity to very low levels; the mass modulations “imprinted” by the laser are
approximately 100 Angstroms 121 Based on these experiments, our models show that an
implosion driven by a laser with the established smoothness of KrF could likely achieve
ignition, if not moderate gain. As shown elsewhere in this proposal, current research will
help us identify the requirements necessary to achieve the high gain needed for inertial
fusion energy. In addition to the favorable laser and target physics results, the Sombrero
reactor study showed that a fusion power plant based on a KrF driver can be
economically attractive Y However, to accurately assess the reactor potential of this
approach, it is necessary to address several key engineering issues regarding this laser.

The Sombrero study was based on a 3.4 MJ KrF laser driver. We can get some
idea of the layout of this 3.4 MJ laser by extrapolating our conceptual design for a 2 MJ
KrF Ignition Facility'". The reactor could consist of an array of parallel beam lines,
configured to illuminate the target with 60 laser beams. Each beam line is composed of a
set of identical amplifiers, each having an output energy in the range of 30-100 kJ. These
amplifiers are about 6-20 times larger than the 60-cm amplifier of the Nike laser””. But
this is not as large a step over the Nike as it would first seem, as each of these amplifiers
are composed of eight e-beam modules that are actually slightly smaller than the e-beam
in the NIKE 60-cm amplifier.

An additional feature of the KrF amplifiers in a reactor driver, which is different
from the Nike amplifiers is the pulse duration of the extracted pulses, the duration of the
laser gain and the geographical extent of the angular multiplexing. Nike operates with a
gain pulse which is ~ 250 nanoseconds in duration and produces 60 four nanosecond
pulses. This design represents a reflection of the real estate available at NRL to house
Nike. among other factors.

A reactor driver laser will have very different constraints. It must produce longer
target irradiation pulses, 10-20 nsec in duration: additionally it must do this at maximum
efficiency and minimum total plant cost. For a reactor, the amount of available real estate
is considerable. Data presented during the MFE-ICF workshop on eisting conventional
power plants documented site sizes of 385 to 2,500 acres for conventional, fossil fueled
power plants and at least 750 acres for one 2.2 GW nuclear plant. Heavy ions designs
presented were sited on 750 acre sites. It would be reasonable to expect that an ICF site
would be on the order of 1-2 square miles in extent. With this much real estate available
for other reasons, such as site security, personnel safety, etc., it is eminently reasonable to
plan to extend angular multiplexing to a grander scale than Nike. Space for optical delay
lines is not hazardous, except while the laser is on, and it need not be particularly high
quality space. The main requirement is that it be at constant temperature to minimize
optical gradients. Potentially, one could have delays as long as 2 x 5 microseconds and a
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10 micro-second pulse-width on the gain of the large amplifiers. A single amplifier then
might produce as many as 500 twenty-nanosecond target pulses.

" "+ "There are two advantages in evaluating the extent to which this can be done
during the proposed program. First, longer gain pulses, as we will see in the discussion on
pulsed power can be produced with higher electrical efficiency because fewer stages of
magnetic compression will be required. Secondly, fewer total amplifier modules will be
needed at longer pulse duration, leading to both capital cost and operating cost savings.

This longer pulse mode of operation does not come totally free of development
risk. The major risk area is in the cathode development area in that the new cathodes to
be developed must be capable of operating for a long enough electron beam pulse to
support the long pulse concept. As the current Nike carbon cloth cathode is marginal,
even for single pulse operation, considerable improvement is necessary.

It is worth emphasizing that this concept of using the longest possible gain pulse
is a powerful approach to optimizing the laser. Whatever result is obtained by evaluating
the engineering constraints will represent a near optimum solution, both in regard to
efficiency and economics.

4.3.3.1.2. TECHNICAL OBJECTIVES

The overall goal of this program is to develop and evaluate the technologies
required to build a laser with the rep-rate, durability, efficiency, and beam quality
required for Inertial Fusion Energy (IFE). We cannot address all these issues with a
single system. To demonstrate the overall efficiency of a KrF laser driver would require a
large system that would be directly scalable to a full-sized reactor beam line. Also, as
noted above, a full demonstration might require a large site and facilities. Such an
integrated demonstration system is too large a first step towards a rep-rate laser driver.
Thus has led us to propose to evaluate the potential of KrF as a fusion reactor driver with
two complementary programs at a more modest level of funding: one on a new 30-cm
Rep-Rate Laser, the other on the existing Nike 60-cm amplifier.

The 30-cm Rep-Rate Laser will be used to develop the technologies necessary to
build a suitable pulsed power driver for IFE (i.e. one that meets the IFE engineering
requirements for durability, efficiency. and cost). By “pulsed power driver”, we mean the
entire system required to deposit the electron beam energy into the laser gas, from wall-
plug to electron beam. The 30-cm Rep-Rate Laser will also be used to demonstrate that
we can repetitively amplify a high quality laser beam. The size of the system was chosen
to be small enough to be flexible, but large enough to be relevant for an IFE-sized
amplifier

The program on the Nike 60-cm amplifier will be used to address those issues that
cannot be resolved with the 30-cm Rep-Rate Laser, in particular: the intrinsic efficiency,
ASE, and electron beam current flow. The 60-cm amplifier is large enough that the
results obtained with it should be directly scalable to an IFE driver. Thus, the combined
Rep-Rate/Nike programs should allow us to address most of the laser issues for IFE,
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including the important issue of the achievable overall efficiency foe a KrF reactor driver
laser.. The Rep-Rate program is discussed here, and the Nike experiments are discussed
in a later section.

The scaling of KrF to longer pulses will be addressed to determine the upper limit
to laser gain pulse width imposed by laser kinetics and/or practical engineering
considerations for reliable, long-lived KrF laser operation.

4.3.3.1.3. REQUIREMENTS

The engineering requirements for KrF as a laser driver for Inertial Fusion Energy (IFE) as
given by the Sombrero reactor study”I were:

Overall System Efficiency: 5-7%

Rep-Rate SHz

Durability (shots between major maintenance) 10® pulses

Cost of the Entire Driver $180/Joule(on target)
Total Driver Energy 34MJ

In addition, there are re%uirement on the laser beam uniformity that have been determined
by our current research l;

Beam quality-high mode fluctuations 0.2%
Optical Bandwidth 2.0THz
Beam quality-low mode distortions 1-2%

The Sombrero study did not explicitly address the pulse-width of the gain pulse for KrF
laser amplifiers in the fusion driver. This study called for an overall laser efficiency of 6-
7%. Table | gives our assessment of the efficiencies we need for the various components
of an IFE driver in order to achieve this figure: '

Table I: Required and Achieved Efficiencies for KrF laser driver for IFE

Component Required Achieved Needed
Ancidlanies 09 90" 1.00x
Pulsed power-Prime to Electron Beam (100n+) 058 63" 1.25x
Electron Beam into Gas 0.8 50" 1.60x
Sub-Total(pulsed power driver efficiency) 0.58 0.27
E-Beam into Laser 0.12 129 1.00x
Laser on Target 0.9 75 1.20x
Total 0.062 0.016

Notes

(a) Ancillanes: based on existing technologies for gas cell cooler, hibachi cooler, command and control
system, and vacuum pumps. Assumes heat in cooling water is dissipated in a cooling tower or
subsurface circulation.

(b) RHEPP, Reference 6. The efficiency quoted for RHEPP is 50%, which has an 80% efficient, ten stage
Lincar Induction Voltage Adder to produce 2.5 MeV at the output. We only neced 500¢V, so the LIVA
can be eliminated. and the efficiency of the entire system increases to 63% with only this change.
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(c) NIKE 60-cm Amplifier, Reference 5.

(d) The NIKE 60-cm Amplifier has an intrinsic efficiency of 8%. But other experiments have reported
efficiencies of 12% and higher [References 5,6]. This needs to be verified for larger (IFE size)
systems. :

(e) NIKE Laser, Reference 1.

4.3.3.1.4 DESCRIPTION OF THE 30-CM REP-RATE FACILITY

A generic drawing of the 30-cm Rep-Rate Facility is shown in Figure 1. The main
amplifier has an optical aperture of 30 cm x 30 cm, and the system will operate at 5 Hz.
The laser gas will be pumped with two opposing 500 keV, 112 kA electron beams, each
one with a cross-sectional area of 100 cm x 30 cm. The amplifier will be driven by one or
more commercial discharge pumped excimer lasers, although we may incorporate a more
advanced front end in the later stages of the program.

The laser architecture will use similar angular multiplexing to that used in Nike,
except that there will be fewer beams, to probe the saturated laser gain. We will also
include the type of alignment system used in Nike (1) Table II gives the major parameters
for initial 30-cm Rep-Rate Laser operation, which will be focused mainly on developing
and demonstrating candidate long-lived e-beam cathodes, cooled foil structures, and
optical beam conditioning to ensure that the gain medium returns to a high quality before
the next pulse. These are the three areas where Nike provides either no useful point of
departure or, in the case of the carbon cloth cathodes, one known to be inadequate for the
next phase. For comparison, this laser is physically about twice the size of the 20cm
Amplifier in the Nike facility .

The truly demanding issues involving this laser are not shown in the diagram, but,
in addition to the development of cooled foils, reliable cathode emitters, and beam
conditioning involve the scaling of the pulse duration into the microsecond domain. Nike
is a 250 nanosecond machine; for the rep-rated amplifier to be on the development path
to a fusion reactor, it should demonstrate microsecond, or longer, operation, as this is
where the laser fusion reactor needs to operate. The leap from 250 nanoseconds to 10
microseconds is too great a leap to take in one step. Therefore, our program plan is based
on validating technology for the microsecond time scale combined with experiments to
determine how far into the multi-microsecond time scale it is possible to scale reliable,
long lived operation.

As noted earlier, the database for large, e-beam pumped KrF lasers is no
exhaustive, by any means. In order to explore the engineering issues in scaling to long
pulses in a rational fashion, it is desirable that all minor “steps™ be by factors of two to
three and be characterized by well-documented complete experiments. In this fashion,
we will be able to quantify exactly where projected improvements will occur and why
they will occur. Accordingly, the demonstration objectives for the 30-cm amplifier are as
listed in Table II, both for the initial phase and the second phase:
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Table II: Parameters of initial phase 30-cm Rep-Rate Laser

Laser Input 2-101J
Laser Output (minimum) 400J
Gain 40-200

Pulse width (total)

Main amplifier optical aperture
Working flux

Window loading

Main amplifier E-beam Loading

Main amplifier current

main pulse length

¢-beam energy

diode impedance

Main amplifier cathode area (per side)
Main amplifier cathode current density
Hibachi transmission efficiency (goal)
Deposited energy

Deposited pump rate

100 nanosecond
330cm x 30 cm
4.4x106 W/cm2
0.44 J/cm2
500 kV
2x 111 kA =222kA
100 nsec
2x555kJ=11.1kJ
4.5 Q each diode
100 cm x 30 cm
37 Alcm2
80%
8.88 kJ
1.0 MW/cm3

The initial parameters are representative of what is desirable for a test bead for
foils and cooled cathodes, i.e. approximately “Nike-like”, but operated at a 5 Hz
repetition rate. The initial pulsed power drivers will be assembled of available moderate
cost and efficiency components in order to test new cathodes and cooled foil structures as
rapidly as possible. As detailed below, the pulsed power will evolve to high efficiency
microsecond duration modules over the first eighteen months of the program. The actual
choice of final pulse duration will not occur until we determine what can be supported by
experimental results. Notionally, for a one-microsecond choice the final performance
numbers might look like Table HII:

Table 11I: Microsecond duration 30-cm Rep-rated laser parameters

Laser Input® 2-10]

Laser Output (minimum)* 4001]

Gain 40-200

Pulse width (total) 1.000 nsec
Main amplifier optical aperture 330cmx 30cm
Working flux ‘ 4.4x106 W/cm2
Window loading 0.44 J/cm2
Main amplifier E-beam Loading 500 kV

Main amplificr current 2x 111 kA =222kA

main pulse length 100 nsec
¢-beam energy 2x555kI=111kJ

diode impedance 4.5 Q cach diode

Main amplifier cathode area (per sidc) 100 cm x 30 cm
Main amplificr cathode current density 37 A/em2
Hibachi transmission efficiency (goal) 80%
Deposited encrgy 88.8KJ
Deposited pump rate 1.0 MW/cm3

* The assumption is that a 100 nsec long multiplexed pulse stack will be used with suitable delays to
sample the full microsccond gain duration. Running as an oscillator, the amplifier would be expected to
produce as much as 4,000 joules of energy in a microsecond.
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Laser gas conditioning

AMPLIFIER WINDOW

Figure 4-1: Layout of the 30-cm Rep-rate Laser and the key components that
require development for IFE

4.3.3.1.5 COMPONENTS OF THE 30-CM REP-RATE LASER

Figure 4-1 shows the key components that require development for IFE: The
pulsed power driver, the electron beam source (cathode), the pressure foil support
structure (or hibachi). The laser gas conditioning system, and the amplifier windows and
optics. In the next five sections we discuss the technologies we plan to develop for each
of these components. Many of them have been developed elsewhere, but not necessarily
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in a parameter range appropriate for IFE, nor have they been integrated into a single
facility.

"4.3.3.1.5.1. PULSED POWER

A suitable pulsed power driver for IFE must satisfy three difficult requirements
simultaneously: (1) Lifetime of greater than or equal to twenty (20) years at 5 Hz
repetition rate (3 x 10° pulses), (2) Efficiency of greater than or equal to eighty percent
(80%). and a cost of less than or equal to $4.75 per joule of energy. (The cost figure was
estimated from the Sombrero study. This study allocated 30% of the cost of the laser
driver. or $55.00/ (laser joule) of $180.00/(laser joule) total, to the pulsed power. As the
overall efficiency from electron beam to laser energy is 8.9% (from Table I), this equates
to $4.75 per clectron beam joule.)

We feel that the most promising existing technology is an approach that uses non-
lincar magnetic switches (Y% In this approach, a relatively low voltage “source”
containing an active switch is used to pulse charge a capacitor. The capacitor has a
saturable inductor at the output, with the core of the inductor chosen so that it blocks the
current until the capacitor charges to peak voltage. At that point the core saturates, its
permeability (and hence inductance) rapidly drops, and the capacitor discharges on a time
that is much faster than the charging time. Typically this circuit can achieve about a
factor of ten in pulse compression. Adding additional stages compresses the pulse further.
Including a step-up transformer between stages and perhaps a linear induction voltage
adder at the output obtains the required voltage, while using a pulse forming line as the
last capacitor attains the required pulse shapes. The major advantage of this technology is
lh;tl it uses all solid state compression and thus should have an extremely long lifetime (>
107 shots).

Sandia National Laboratory has built a large electron beam generator based on
this concept '*. Called RHEPP, for Repetitive High Energy Pulsed Power, this facility
has parameters that are within a factor of 2 to 5 of what is required for a KrF facility. The
beam voltage is 2.2 MV, the current is 25 kKA. the pulse width is 60 nsec, and the cathode
dimensions are 10 cm x 100 cm. RHEPP runs at 120 Hz, which is significantly faster than
we require. The durability is at least 10" shots, with 10° pulses reasonably expected. The
overall system efficiency is reported to be 50%. But this includes an 80% efficient 2.5
MV Inductive Voltage Adder that would not be needed for our application. So the
efficiency of RHEPP, if it were to be duplicated today, would be around 63%. Also, as
discussed below, the number of stages of compression could be reduced, which would
increase the efficiency even further. In fact, our 80% goal may well be achievable with
this technology. The concept is so successful that the RHEPP technology has been
replicated in industry for matenals processing.

A different variation on this approach is to use the recently developed
Semiconductor Opening switch (SOS) technology ('] The SOS can interrupt current
densities of up to 60 kA/cm’ on a timescale of a nanosecond. Thus it can be used to
rapidly interrupt large currents flowing through an inductor, in order to generate large
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inductive (V = Ldi/dt) voltages across a load. An SOS-based generator uses the same
initial pulse compression stages as RHEEP, but achieves the high voltage and final pulse
shaping with a single stage cpmprised of an array of silicon switches, rather than a

"“transformer, pulse formingline and a linear voltage adder. Thus, the system is much

simpler. The SOS technology has been the basis for several electron beam generators.
The largest of these, called “Siberia™ is capable of driving 8 kA at 800 kV for 60 nsec
through an electron-beam diode at a rep-rate of 150 Hz 1] These are comparable to our
requirements. The lifetime of these systems is reported to be greater than 10® shots. The
efficiency is in the range of 50% ¥ 'S0 some improvement is necessary for the IFE
applications. But it is reasonable to expect that we would achieve some significant
improvements as the technology is relatively new and was not developed with efficiency
in mind. Also, as in RHEPP technology, there are significant gains to be made by
reducing the number of magnetic compression stages.

The present cost of both of these technologies exceeds the $4.75/ joule criteria
suggested by the Sombrero study. The cost of the magnetic switch approach is dominated
by the high price of the Metglas that is used in the saturable inductors. Using the most
economical compression stage gain, which is around 3.1, the energy that a Metglas core
can switch on each pulse is about 40J /kg. At the present small-quantity price of $ 100/kg,
the cost of Metglas for every switch in a magnetic switch compressor based on RHEPP
would be more than half the pulsed power budget. The cost to build an SOS-based device
would be less because it has fewer saturable inductors, but it would still be too high.
However. it has been estimated that the cost of Metglas could drop as low as $12/kg for
large volume quantities {1 If Metglas is being adopted by the utility industry, then it is
possible that the cost will drop even further in the future.

It is clear from this discussion that a reduction in the number of stages of pulse
compression in both approaches is desirable for both efficiency and cost. The most
straightforward way to do this electrically is to incorporate a switch with a faster energy
transfer time in the first compression stage (the source). The faster the transfer time, the
fewer subsequent stages are needed.

A switch with an energy transfer time of about 10 microseconds could reduce the
number of magnetic compression stages to a number between none and three, depending
on final amplifier electrical pulse width. Even with a three-stage switch we could meet
the IFE efficiency and cost requirements. It should be noted again here that there is also
an optics and real estate trade-off. If a larger footprint and more complex optical
multiplexing scheme is used, then the pulse power requirement on the amplifier may be
eased in favor of a longer pulse. i.e. less compression required.

At this point in time all the data are lacking to quantify this trade exactly, other
than to note that there will definitely be a trade-off in which by a capital cost trade off of
less Metglas (fewer compression stages) against more optics and laser building volume
(longer gain pulses on the amplifier). one can raise the plant efficiency. An objective of
this program is to develop the detailed data needed to quantify this argument.
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Ignoring the optics trade for the moment, there are three candidates for a fast-
opening switch. The most promising from a durability standpoint, albeit the least
developed, is to use solid-state switches. A number of manufacturers are testing solid
state switches for pulsed power, and their published results indicate that in a few years
solid state switches may have advanced sufficiently 3] 6 realize a three stage pulsed
power driver. A second approach is to use thyratrons. These already have a rise time that
is fast enough to allow us to go to a three-stage system, but their lifetime is limited to
about a year. This might be acceptable, if sufficient redundancy is built into the design.

- The third approach is to use spark gaps. The switch lifetime can be extended by blowing
high pressure gas through the gaps, as is used in the “Vortex™ design (18} Moreover, they
have large current carrying capabilities, and they might allow us to eliminate another
stage of magnetic compression relative to solid state switches.

If the magnetic switch based systems prove to be unworkable, then there are other
pulsed power avenues to pursue. The most attractive of these is to use a step-up
transformer to pulse charge a conventional water pulse forming line. Another approach
would be to use a Dc supply to charge an oil/paper dielectric cable U7 In both of these
cases. the efficiency would be higher than with magnetic switches, and the cost would be
less. but we would have to use high voltage spark gaps to discharge the pulse lines, and
this could limit the system lifetime.

4.3.3.1.5.2. ELECTRON BEAM SOURCE

We would prefer to use a simple field emission cathode as used in the Nike
amplifiers '*, except that this exact solution would clearly not work for a reactor. In Nike
the emutter material is velvet cloth and the lifetime is only a few hundred shots. In
RHEPP, however, the cold cathode emitter was made of a much tougher metal-dielectric
grnid. The lifetime of this device was reported to be at least 10® shots "™, The parameters:
(area ~ 10 x100 cm®; current density ~ 25 A/cmz) are within a factor of 1.5x of what we

require for the 30-cm Rep-Rate Laser.

We should note that we will also require a magnetic field to guide the electron
beam. whereas RHEPP does not, and that the magnetic field may prevent the metal-
diclectric cathode from emitting uniformly. While this may not necessarily compromise
the system performance, it would probably shorten the lifetime of the foil, which serves
as the vacuum barrier for the electron gun.

If uniformity is the only issue, UV illumination of the photo-cathode could solve
this problem. Such devices are reported to be very durable and are used for the UV-pre-
ionized discharges on the lithography lasers. The drawback is the added complexity.

There are other types of possibly suitable non-metallic field emission cathodes,
which have been reported. such as the carbon needle arrays used for 80 microsecond
pulses at greater than | A/cm’ in large aperture, long pulse Russian High Energy CO»
Lasers. In short, there appears to be reasonable hope that a workable technology may be
available. or can be developed for a reliable, low cost, and long lived electron gun
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cathode. Figure 4-2 is a schematic representation of this cathode. Thin, 200 micron
diameter rods, about two centimeters in length and with a 20 micron radius “tip™ are
glued into a carbon block on Smm centers. In theory, at least, when an arc attempts to
form from a particular emitter, the increased resistive heating blows off the tip, causing
that emitter to cease emitting.

Figure 4-2 Russian Carbon Needle Cathode Structure showing 200micron
diameter carbon needles on Smm centers. Test data on devices up to 50cm x100cm (20,000
emitters) has been presented.

4.3.3.1.5.3 PRESSURE FOIL SUPPORT (THE "HIBACHI")

The electron beam traverses the cathode-anode gap, passes through an anode foil,
through a pressure foil support structure, and through a pressure foil before going into the
laser cell. The pressure foil must isolate the gas in the laser cell (typically 1.2 atmosphere
pressure) from the hard vacuum of the diode (~ 5 x 10 torr). The pressure foil support
structure 1s commonly referred to as the "hibachi”. There are two issues with the
hibachi/pressure foil: lifetime and electron beam transmission. Long foil lifetimes were
achieved on the EMRLD laser at AVCO!"®) by blowing high-pressure helium gas
between the anode and pressure foils. EMRLD had a rep-rate of 125 Hz, and ran in bursts
of 10 seconds. The foils did not degrade. even after 10° shots.

Efficiency is another matter. To achicve our requirements, the hibachi should
transmit close to 80% of the electron beam energy, or about 1.6x what was achieved on
the NIKE 60-cm amplifier *!. Achieving this may be possible if we use the new type of
hibachi structure that was developed and partially tested by Los Alamos National
Laboratory (LANL) 121 This uses thin rods under tension rather than the conventional
deep ribs as the foil support. Preliminary experiments showed the transmission efficiency
approached 90%. We plan to combine these two technologies for the 30-cm Rep-Rate
Laser. Both pressure and anode foils will be made of Titanium alloy Ti 3-2.5 (3% Al plus
2.5% V) which has good high cycle fatigue strength and has excellent ductility at high
temperatures (300°C). Thin tubes (instead of Los Alamos' rods) will support these foils,
so the supports can be water-cooled. The foils themselves will be cooled by turbulent
helium, as in the EMRLD device. We calculate that the foils will heat to about 1500C,
which is well below the fatigue temperature of the titanium alloy. The total heat load to
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the foils will be about 6 kW and this heat can be removed with a helium flow of 275 cfm,
which corresponds to a flow velocity of about 40 m/sec.

4.3.3.1.5.4. LASER GAS CONDITIONING

On each shot the electron beam heats the laser gas. Not only must the gas be
cooled down for the next shot; it also must be returned to a quiescent state to assure that
the next KrF laser beam will be very uniform. It is particularly important to eliminate the
short scale-length, ordered temperature variations perpendicular to the aperture. The
EMRLD laser program addressed this cooling/quieting problem. High capacity blowers
circulated the gas in the laser cell through a heat exchanger and a series of mixing plates
and diffusers. This enabled the EMRLD laser to faithfully amplify a beam that was only
1.3 times the diffraction limit !'*). However, this impressive result was obtained from the
raw data only by removing a large pulse-to-pulse “jitter” or variation in laser beam
pointing which was considerably larger than the beam spread. In separate experiments
AVCO established that a tip-tilt corrector could be used to remove all or at least most of
this aberration. At the 100 Hz repetition rate of EMRLD, the most probable source of
this pointing “jitter” may have been un-damped acoustic energy, or other sources.
(EMRLD was cooling water supply-limited by the facilities at White Sands to ~100 Hz
for one second. or 50 Hz for 2 seconds.) The Sombrero study capitalized on this and
attempted to recover some of this waste heat in the reactor steam cycle. By operating at
temperatures up to 300°C, the heat can be converted with relatively high efficiency (up to
75% of the Camnot efficiency) into electricity. In the case of the 30-cm Rep-Rate Laser,
we will not convert the waste heat, but we will operate at higher temperatures to look at
some engineering aspects of the system. The gas is heated to about 180°C after each shot.
We calculate that with a gas flow of about 10 m/sec (flow of 4,500 cfm) we can
effectively cool the gas through a water-filled heat exchanger to 50°C between shots. The
heat will be removed from the water using a passive cooling tower.

4.3.3.1.5.5. AMPLIFIER WINDOWS AND LASER OPTICS

The amplifier windows operate in a rather hostile environment of fluorine, intense
UV light, x-rays and energetic electrons. The Nike 60-cm amplifier has used coated or
uncoated quartz windows and these tend to last only a few hundred shots. We do not
know as yet what exact mechanisms are causing this degradation in the Nike windows;
this program will allow us resources to pursue this issue further. A second approach will
also be followed to find a superior window material. Calcium fluoride windows have
been employed with considerable success in the small KrF discharge lasers used for
semiconductor processing 121l However, high quality CaF, windows are presently
available only in sizes up to 30 cm x 30 cm, and not in the larger sizes (~100 cm x 100
c¢m) required for an IFE driver.

Sapphire is currently being grown commercially in sizes large enough to allow
fabrication of single piece rectangular Al,O; windows up to 30 cm x15 c¢m in size, and
oriented for low birefringence. Potentially, the required full-size laser windows could be
fabricated by a fusion-bonding process similar to what was done by TRW with 35 cm
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long pieces of Nd: YAG on the DARPA DAPKL (Diode-Array Pumped Kilowatt Laser)
Program. Successful fusion bonded elements demonstrate the same mechanical strength
as single element pieces of the same material. A small company in Pleasanton, CA, Onyx
Optics, Inc. owns the patents developed by Hoya, as well as their own subsequent patents
and has produced laser rods and other fusion bonded components for LLNL, NRL, and a
number of companies.

On this program we plan a two-phased approach: The major portion of the work
will be carried out with separate off-line experiments and with experiments on the Nike
laser. This program is described later in this proposal. When a successful window has
been developed. it will be tested for long life durability on the 30-cm Rep-Rate Laser. In
order to not delay the Rep-Rate program, we will first start with Calcium Fluoride
windows as this will allow more time to develop other concepts and will leverage off the
experience of the semiconductor community.

A fusion driver would also require the development of other optics (turning
mirrors, final-focusing elements) with higher damage threshold than are currently
available. The program to develop these is also described later in this proposal. The
development of low-cost fabrication techniques for such relatively simple optics is not
explicitly part of this program, but the National Ignition Facility (NIF) Program at LLNL
1s addressing similar damage and cost issues in a major way for the many pieces of flat,
polished optics used in NIF.

4.3.3.1.6. PROGRAM PLAN
The development of a high efficiency advanced pulse power driver will take the

longest time, about three years. Thus, in order to get started on the other components, our
program plan is comprised of multiple parallel paths. In one path we develop the cathode,

~ hibachi, and gas recirculator on a simple rep-pulsed power system. In a second path, we

extend the pulse duration capability of these systems, in the third path, we will develop
the prototype advanced pulsed power system. All the technologies are then combined in a
single integrated demonstration. The elements of the two plans are:

A) Cathode, hibachi, gas recirculator development program plan

1. Construct simple pulsed power system (12 months): We will build a
pulsed power system based on standard, well-established technology: a
step-up transformer, a water dielectric pulse forming line, and repetitive
spark gaps. We propose to build two identical systems. The outputs (e-
beams) will face each other and leave space for the laser cell that will be
incorporated later. Details of this system are given in the appendix to this
section. This system could be built in about a year. It will have an applied
magnetic field and will use an absorber to dump the electron beam.

2. Develop emitter (6-12 months): Because the two pulsed power drivers
are independent at this phase, we can pursue parallel development paths
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for the emitter. We will try the simple metal/dielectric cathode design of
RHEPP first, and then go to more advanced designs, such as Csl coated
graphite emitters, or a photoemission cathode, or the Russian carbon
needle cathode.

Develop hibachi (6-12 months): We will add a hibachi structure and gas
cell to look at pressure foil lifetime and transmission issues. The gas cell
will have a rudimentary circulator to remove the heat. Again, having the
two independent drivers will allow us to pursue two development paths.

Add gas recirculator (6 months): We will add a high quality gas
recirculator and an input laser. The gas recirculator will be developed and
built off-line. so it can be installed and tested during earlier phases. We
will not add fluorine to the 30-cm laser cell at this time. The objective of
this phase is to validate that the design of the recirculator is adequate that
the repetitive injection of the electron beam does not distort the laser
input.

Amplify high quality laser beam (6 months): We will add fluorine to the
cell, use a high quality KrF input laser, and evaluate the spatial profile of
an amplified high quality laser beam. This will validate our beam quality
module. This data will also be used in comparisons of KrF kinetics code
results and experiments. This will also allow us to assess the issues in laser
gas recycling during long pulses.

Optical Delay.(6 months) We will develop an electronic delay line such
that we can delay probe beams for up to a microsecond and then propagate
them through the test 30-cm amplifier,

B) Advanced Pulse Power Driver Program Plan

1.

Assessment and Preliminary Experiments (18 months): We will
evaluate the various candidates identified above in terms of the lifetime,
efficiency. and cost requirements for IFE. We will identify developments
that are required to achieve an adequate design for the 30-cm Rep-Rate
Laser, and conduct appropriate tests. Our plan is as follows:

a. Magnetic pulse compressor- RHEPP technology: A good basis
exists for designing magnetic pulse compressors. PSI has developed
the most advanced simulation model for these systems and used it to
build a successful 250 kV, 100 Hz, 70kW magnetic compressor in
1997. This mode! will be used to develop compressor designs with the
required 80% efficiency while minimizing Metglas volume and other
factors affecting cost. We will assess the likely cost of Metglas in
reactor quantities. The use of spark gaps, thyratrons, or solid state
devices as the first stage switch will be evaluated. We will hold




discussions with manufacturers to assess potential technology
advances, and these will be evaluated with tests of developmental
components. Solid state switches are one candidate for these
component tests. Another candidate is a new type of Metglas core
developed by one manufacturer that uses a proprietary coating rather
than the standard Mylar insulation. These can handle more energy per
kg, and have better thermal properties, that should lead to higher
efficiency and lower cost. DoE labs with experience in magnetic
compressor design (LLNL, Sandia) will be encouraged to contribute to
and review our assessments of this approach.

b. Magnetic pulse compressor- SOS technology: The first stage switch
and Metglas issues for the SOS technology are the same as for the
RHEEP technology. But, there are some issues that are unique to this
system. The foremost is if there is some fundamental limitation in the
semiconductor-opening switch itself that prevents us from achieving
the required efficiency or pulse width. A secondary issue is if the
auxiliary circuits necessary to drive the SOS are inherently inefficient.
We will work with the originators of this technology to address these
questions. We will also acquire and test the key components and
subsystems so that we can establish for ourselves the suitability of this
approach. A number of SOS devices have already been purchased, and
we will review their design and performance with the users. Another
device is being fabricated under contract to NRL to demonstrate output
pulses as long as 100 nsec.

c. Spark gap based systems: We will review other spark gap based
systems, such as water lines or oil/paper cables, for possible
"breakthrough” developments, but we will pursue them in detail only
if the magnetic compression systems appear unlikely to meet the
requirements. However, 1t should be noted that the repetitive Spark-
Gap based dniver that we will build to develop the emitter, hibachi and
gas recirculator (see Appendix) will be operational before the
assessment phase of the Advanced Driver Program is complete. and
thus, we can get a better idea if this technology is extendable to an IFE
reactor.

2. Selection Review

At the end of the assessment phase, a review will be conducted in which
possible driver candidates for the 30-cm Rep-Rate Laser will be presented,
along with supporting analyses and test data. A recommended pulse width and
design will be presented which will include conceptual mechanical drawings
and electrical simulations. We will include design extrapolations to a reactor
scale driver
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3. Construction of the Baseline Advanced Pulsed Power Driver

We have allocated 18-24 months for the preliminary design, final design,
fabrication, and checkout of the advanced pulsed power driver. This should be
sufficient time to allow for flexibility and versatility and to test sufficiently to
establish reliability. The preliminary design phase will be closely coordinated
with the parallel work on the emitter, hibachi, cathode and gas recirculator to
ensure a proper electrical and mechanical impedance match with the final
application. A key issue will be a design for a microsecond regime system
which will allow testing at the 100 nanosecond level of the emitter, hibachi,
cathode and gas recirculator using the conventional (spark gap) pulsed power
driver . Prior to the demonstration of this device, testing will initially be done
with a resistive dummy load, and then a dummy electron beam diode.

C) Full test of integrated facility: Combine advanced pulsed power with
emitter/hibachi/gas recirculator. We will replace the two spark gap-based
pulsed power drivers with the advanced pulsed power driver, and run the
facility in a rep-rate mode for an extended period of time. This will give us
long run time experience with a rep-rate laser. It should allow us to determine
the durability and efficiency of all of the components, and evaluate the quality
of the amplified laser beam on a long-term basis. We anticipate the integrated
test period should last 12 months.

D) Summary

We have a program plan to build a 30-cm Rep-Rate Laser that will enable us to
develop some of the key technologies required for IFE. The 30-cm Rep-Rate
Laser should have a pulsed power system that can deposit the electron beam
encrgy into the laser gas with the durability. efficiency and cost required for IFE.
The 30-cm Rep-Rate Laser will also allow us to evaluate the technologies
required to repetitively amplify a high quality laser beam. This system should be
large enough to make a convincing demonstration of some of the technologies
required for an IFE driver and it should be flexible to make a versatile test-bed.
When complete this facility will significantly increase our confidence in assessing
the viability of KrF as a driver for fusion energy.

E) Appendix: Description of spark gap-based pulsed power driver:

In order to allow us to start addressing the emitter/hibachi and gas recirculator
issues as soon as possible. we have elected to first build a low-risk spark gap
based driver that uses well-established technology. The design is based on the
same technology, and same performance, as the DAHRT injector that was
developed by Pulse Sciences, Inc. ! The same technology has been used in
the Airex system, as well 121 One side of the system is shown in Figure Al.
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(We will build both sides.) A 100kV power supply is used to charge a 2.4uF
capacitor bank to 93 kV. The capacitor bank is then discharged through a
single spark gap switch into a 1:13 step-up transformer, and then into two 4.4
) coaxial water-dielectric pulse-forming lines. The lines are discharged
through SF¢ -insulated laser triggered switches into a common cathode. The
output parameters of the system are 500kV, 112 kA/side = 222kA total, 100
nsec flat top. The operating voltage of this is about 66% of that of the DAHRT
injector. The step-up ratio of the transformer is less, as is the charge transfer.
We calculate that the lines are operating at about 65% of their breakdown
voltage 1] and that the switches should last at least 10° shots **1. We have also
included powered divertors to minimize any post-pulse ringing. Thus, we
expect this to be a fairly reliable system. We anticipate that it will be
operational at the end of the first year of the program.

HV TRANSFORMER INSULAT EMIT
1:13 STEP UP, 1.0 MV out
OUTPUT SWITCHES HIBA
\ gas flow, laser trigger M
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=\ ochnte

X /
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]

WATER INSULATED PFLs M
60 ns /9.0 /63% BD
MAGNE
T
R LASER 189N
N PRIME PS SWITCH CELL
71kA @ 38 us 30 x 30 cm
esthfe. 7 x 10* _ 100 cm long
; shots DIODE
PRIME ENERGY STORE CAPS POOKVTTTZ KA 100 nsec
240 uF @ 93 kV. 10.4 kJ stored 37 aem’at Cathode

PRIME POWER SUPPLY
3 kV @ 57.2kW

Figure A1: Spark gap based pulsed power system to develop emitter, hibachi
and aas circulator technoloaies.
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4.3.4 ADVANCED FRONT END
4.3.4.1 INTRODUCTION

The front end of the laser system provides the initial temporal pulse shaping,
tailored focal profiles, and amplification to the energies required for the power amplifiers.
The Nike front end is currently an all discharge pumped system that has successfully met
the needs of that facility. The oscillator and first two preamplifiers are commercial
devices that use UV pre-ionized discharge pumping. These amplifiers have built in gas -
circulation and pulse power that allow repetition rates up to 10 Hz. These commercial
lasers have 20 ns FWHM gain pulse lengths and up to 0.5 J output. Following these are
two stages of amplification by higher energy x-ray pre-ionized discharge-pumped
amplifiers developed at NRL. These amplifiers do not have the built in repetition rate of
the commercial amplifiers and can operate only at about 0.1 Hz. Four of these amplifiers
in parallel provide the energy needed to drive the first e-beam pumped amplifier.

The beam smoothing is achieved by diffusely illuminating an aperture with
broadband multi-mode radiation from the oscillator. [See Figure 4.3.4.1-1 for an optical
schematic.) This aperture is ultimately imaged through the amplifiers onto the target.
Telescopes arrange that the Fourier pupil (far field) of the aperture is relayed to the center
of the discharge pumped amplifiers. Gain non-uniformity near the Fourier plane of the
aperture does not imprint onto the focal distribution. However, the small commercial
discharge pumped amplifiers in the Nike front end have a large length to width ratio (80
cn/ 1 cm). and there is appreciable amplification at distances well removed from the
Fourier plane. There is also some imprinting of tilt on the focal distribution. This effect is
removed by the tilt removing optics shown in the figure. In the following larger aperture
amplifiers, we do not observe a significant imprint due to gain non-uniformity. This is
because, at the larger apertures. the divergence of the laser beam is smaller, and the
effective depth of the Fourier plane is longer than the amplifier.

Spatially and temporally ISI aperture
Multi-made osaillator l

1
| k(= ([~
! I
< >—> {
2" diffuser |
IS1 apenture (overfilled :
by 1* aperture) :
To larger l \ :
- Pre-amp 2 0""‘"

Amplificrs I
Tilt removing optics
(Add beam to 180° rotated beam)
Figure 4.3.4.1.1 NIKE laser front-end beam shaping optical schematic
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The pulse shaping is accomplished with Nike by Pockels cells located after the
first and second preamplifiers. The pulse shape is polarization and angle encoded into the
pulse from the oscillator. This strategy ensures that the amplifiers see nearly continuous
loading. The pulse shape is thereby not distorted by variation in gain saturation during the
pulse. After the final discharge pumped amplifier, the pulse is recovered by means of
polarizers and spatial filters that reject the co-propagating control beam. Table 4.3.4.1.1
shows the characteristics of the Nike front end.

Table 44.1.1.1 NIKE LASER FRONT END PROPERTIES

Parameter Value
Encrgy Ouput: 2)
Repetition Rate: 0.1 Hz at full energy
focal profiles: 30to 100 tires Diff. Limit
flat top profiles; 1% RMS uniformity
pulse contrast: 2000x via Pockels cells
> 107 due to gain switching of pre-armps
pulse shaping: up to 8 ns pulse with arbitrary shape

The Nike front end has demonstrated that it is a practical solution for low-repetition rate
target irradiation of flat targets, but significant enhancement will be necessary for the
Rep-Rate Laser front end.

4.3.4.2 FRONT END IMPROVEMENTS NEEDED FOR REP-RATED LASER

The Rep-Rate Laser will be a technology demonstrator for scaling of KrF laser
technology to the requirements of a reactor driver. The front end needed to drive this
amplifier will need to incorporate several changes from the Nike front-end laser. These
include:

e More energy: about 10 ] to extract full energy and suppress ASE in the
following amplifiers;
Higher repetition rate: 5-10 Hz at full energy;

e Higher beam spread: ~200 x D.L. needed to create laser profiles
suitable for pellet illumination;

e Longer pulses: 20-30 ns for pellet implosions.

The Nike front end was created to illuminate flat targets at a low repetition rate. While it
has been very successful in demonstrating how to create very smooth illumination
profiles on flat targets, the Rep-Rate laser will require a different realization of the same
technology. Beams with more incoherence and divergence will be needed to illuminate
0.5-cm diameter pellets with reasonable F-number optics. Happily, this will also allow
the Rep-Rate Laser to be less sensitive to optical aberrations, which is a cost benefit in
that it will allow a reactor to use poorer quality, cheaper optics than were used on Nike. It
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would be difficult to amplify such pulses in the narrow initial pre-amplifiers of Nike
without imprinting. These amplifiers also do not support the need for longer pulses. The
standard cylindrical-ring electrode Pockels cells used on Nike would have very poor
"-¢onirast ratio with higher divergence beams.

None of these problems represent insurmountable technical difficulties but will
require some directed development. Most, and perhaps all, of the current discharge
pumped pre-amplifiers could be replaced with small electron beam pumped units. A
review of currently available discharge laser technology, which was not available when
Nike was designed, will be done. Electron beam pumped KrF amplifiers would have
about twice the gain per unit of physical length of discharge pumped devices. Electron
beam pumping would also readily allow for longer gain pulses and might allow temporal
pulse shaping by structuring the pulse shape of the electron beam. The Pockels cell issue
can be resolved by using thin crystal Pockels cells such as LLNL is using on the NIF.

4.3.4.3. MILESTONES

a) Develop small e-beam pumped and/or new discharge pumped amplifier modules

for front end:

b) Develop pulse shaping needed for a reactor via advanced Pockels cells and gain
control of amplifiers:

¢) Develop means to produce the 200x DL focal profiles needed to illuminate
pellets:

d) Design and construct a front end with beam smoothing and sufficient energy
output to drive the 30-cm Rep-Rate Laser at 5 Hz:

¢) Integrate with 30-cm Rep-Rate Laser and demonstrate full power operation while
maintaining illumination uniformity and pulse shaping.

4.3.5. ADVANCED KRF WINDOW DEVELOPMENT
4.3.5.1. INTRODUCTION

The large amplifiers in the laser system require large. high quality windows to
separate the laser gas from the surrounding environment. Typically, these windows have
been made from UV quality synthetic fused silica (S102). The lifetime of the laser
windows in the harsh laser environment is a significant issue, which has not been
successfully resolved to date.

A number of environmental factors affect the lifetime of the windows. The most
important of these is the fluorine gas used in the laser mixture. Fluorine is the most
reactive of the halogen elements and readily combines with any available hydrogen (from
residual atmospheric water of any hydrocarbon residues) to form hydrofluoric acid (HF).
Hydrofluoric acid is used industrially to etch glasses and fused silica. Over time, HF and
fluorine destroy the inner surface of quartz amplifier windows. The intense UV laser
fluences may exacerbate this problem. UV light has been shown to act as a catalyst for
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etching glass with fluorine 1 By activating the surface of the glass with UV light,
fluorine could be made to etch glass without the introduction of hydrogen. Additionally,
the high laser fluence may bg near the laser induced damage threshold (LIDT) of typical

“-optical coatings used to reduce window reflections. Coating damage, of course, is another

mode of rapid window degradation. In lithography, it has been found that long duration,
high average intensity exposure to KrF laser radiation can also cause density changes in
some varieties of fused silica, affecting the optical path length and, potentially, leading to
a degradation of transmitted wave-front quality.

Another issue which may be important for repetitive operation in the UV is laser
treatment or conditioning of the coatings on optical windows. For lasers operating at
longer wavelengths. experience in the commercial and industrial laser world indicates
that there is benefit to exposing coated optics to repeated irradiation at power and energy
density levels of ~ 20% to 50% of the expected damage levels for several hours of run
time. The observation that this results in improved coating durability is much more
compelling than the reasons offered as to why this procedure is so effective. The most
likely explanation would appear to be some variety of laser annealing is taking place
which reduces stresses and strains in the coating stack.

Successful, long duration rep-rated laser operation will require large high quality
UV windows, which do not degrade because of any of these effects. Additionally, the
amplificr windows will be exposed to significant fluences of high-energy electrons and x-
rays from the electron beam pump sources. The windows must also have sufficient
mechanical strength to withstand the static and dynamic pressures and stresses caused by
repeated laser operations, including occasional malfunctions.

The choice of window materials for UV laser operation is limited by the required
optical properties to fused silica (S10;). magnesium fluoride (MgF:), calcium fluoride
(CaF;). and sapphire (Al;O3). Of these, only fused silica is presently available in sizes
larger than 30-cm diameter. Both sapphire and calcium fluoride have been used
successfully as windows for fluorine-rich chemical DF and HF lasers in DoD programs.
Calcium fluonide or Magnesium fluonide windows are used in smaller discharge pumped
lasers because of their excellent resistance to HF and fluorine attack. Additionally, the
low index of refraction of calcium fluoride and magnesium fluoride allows laser
operation without an anti-reflection coating. However, MgF» probably does not scale to
meter-size optics, while CaF; might. Currently there are efforts to grow 36" diameter
CaF; windows in industry for lithography I} Tests at NRL in a fluorine cell have shown
that magnesium fluoride resists chemical attack better than calcium fluoride. The lifetime
of calcium fluoride in the amplifier environment requires further evaluation. As
mentioned above, sapphire is also available and demonstrates excellent mechanical
strength, as well as a resistance to chemical attack as good as that of MgF,. Currently,
non-birefringent sapphire windows up to 30 cm x 15 cm can be fabricated from 90°
boules grown by a Heat Exchanger Method (HEM) process by Crystal Systems, Inc.
Production of larger elements as single crystals is technically possible, but commercially
unmotivated. Since sapphire has a high index of refraction, 1.78, uncoated windows
would have a very high surface reflection of ~ 8% per surface. Sapphire would almost
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certainly require anti-reflection coatings. Fortunately, a single quarter wave layer of
MgF2 on sapphire will reduce the reflectivity to less than 0.1% at 0.25 micron.

An additional plus for sapphire is that there is some successful experience in
fusion bonding sapphire crystals together to make bonded structures larger than can be
grown at present. Diffusion bonding is a process in which two material surfaces are
optically polished to be very flat such that if they are placed together for an appropriate
time and under sufficient pressure, van der Waal’s forces cause the surfaces to bond
together with a bond strength equivalent to the mechanical strength of the basic material.
This has been used successfully for a number of solid state laser materials to create large
or unusual shapes, which cannot be formed from monolithic pieces of as-grown crystals
(ref-onys Opicsl Bonds as long as 35 cm in length have been successfully made in Y3AlsO2
(YAG). Bonds also have been formed between YAG and sapphire to form laser sandwich
slabs in which the center Yb:YAG layer is the laser and the sapphire is for heat removal.
In mechanical and optical testing, the optical and mechanical damage strengths of the
bonded regions were equal to or superior to the surrounding bulk material. Potentially,
one could make a window of arbitrary size by bonding m x n pieces of sapphire , each ~
15¢m x 30cm. As sapphire grows stoichiometrically, which really only means there is a
unique. well-defined crystal structure, the index of refraction variance from sample to
sample should be small, on the order of 1-2 x 10°® per cm of optical path length. A multi-
element one inch thick window might then show an index jump of the order of A/10 at
248 nm. if no selection of the panes were used. By making the joint at an oblique angle,
the index jump from pane to pane could be made to occur more gradually. In a reactor
scenario, where ~ 2 x 60 x 9 x2 = 2160 panes were necessary for one meter aperture
windows for 60 amplifiers, pre-selection could reduce this jump to ~ A/50 on average.

To the best of our knowledge. no fusion bonding experience exists for calcium
fluoride or magnesium fluoride, although there is no reason to expect that this could not
be done. The issue of index jumps between panes would be worse, however, as the
window thickness would have to be much greater. A

An AR coating that could resist corrosive attack and reduce the surface
reflectivity will be required for sapphire and might be required for other fluorine-durable
materials. In the simplest of all worlds, a coating for fused silica that was fluorine-
impervious could allow its use for even the largest windows. The simplest coating
structure to reduce reflectivity is a single layer of the material A/4 at 248 nm thick in
optical path. Such a layer of MgF, is commonly used in the optical industry. For
sapphire. this is close to an optimal solution and the reflectivity is reduced to less than
0.1% per surface. For fused silica. the reflectivity is reduced from 4% per surface to 1.5%
per surface. This single layer coating will be best when the index of the coating material
(nyer2 = 1.38) is the square root of the material index and that of the atmosphere (n~1).
As a further plus, one might expect MgF: coatings to resist chemical attack, similar to the
bulk material. However, these coatings on fused silica have not proven durable on the
Nike optics. There may be several factors at work in this case. Deposited coatings are not
as dense as bulk material and HF may be diffusing through to attack the underlying
substrate. The chemical composition of the coating may not be purely magnesium
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fluoride, leaving residual MgF,OH (».x) in the coating, where HF can attack it e A
number of different processes and coating designs have been evaluated at NRL with only
modest success in improving coating durability Leef],

Windows for the Nike 60-cm amplifier were originally coated with a fluorine
resistant AR developed for the Aurora Laser at Los Alamos National Laboratory, in
collaboration with Spectra-Physics. It consisted of multiple alternating layers of Al,O;
and aluminum fluoride (AlF;). Operational results with this coating have varied. It has on
occasion outlasted an uncoated window, while at other times it has deteriorated faster
than the uncoated window. The reasons are not well understood. Laboratory tests show
that the coating survives chemical attack better than fused silica, except in the presence of
hydrocarbons.

For these and other tests, samples to be tested are placed in a small stainless steel
vacuum chamber. This is evacuated to rough vacuum and then filled with an atmospheric
pressure with a gas mixture of 95% neon and 5% F,. UV transmission of the samples is
monitored with a spectrophotometer before testing, and at intervals during the test.
Initially, the chamber was evacuated and baked at high temperature to drive off any
residual water vapor. Under these conditions, the coatings and bare SiO: samples
survived for several days. A small amount of H,O was then introduced into the chamber.
The bare fused silica etched in less than two hours, while the coatings typically lasted two
to four times longer before any drop in transmission was noted.

To date. the only materials that have survived this test indefinitely (greater than
four months) are MgF: and Al>O;, both in bulk form. Calcium fluoride begins to degrade
after several weeks, while SiO; lasts only hours.

The only improvement in coating performance over the LANL/Spectra Physics
design has been to increase the number of layers, and hence the physical thickness in the
coating. A variety of coating materials, substrates and coating processes have been tried
without significant improvement in coating durability.

Windows on Nike typically last about 6 months or 300 shots. For windows to last
the several billion shots envisioned for future systems, the corrosion resistance of the
inner (exposed to the laser gas) surface must be greatly improved. Also, the effects of
high radiation fluences, both electrons and x-rays, need to be evaluated, and possibly
improved.

One method that has not been investigated because of the probable greater cost is
the use of a flowing gas curtain inside the window to protect it from the fluorine in the
laser gas. This has been used successfully on the Navy repetitive-pulsed chemical laser
(RPCL) to protect the windows of a laser running significantly stronger F> concentrations
than a KrF laser mixture.
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4.3.5.2. OPTICAL WINDOW IMPROVEMENT PROGRAM

Because there is already a lifetime problem with laser windows for electron-beam
pumped large aperture amplifiers; the first priority is a development program to solve the
corrosion problem for laser windows, such that the lifetime needs of the Rep-Rate Laser
can be met. The issue of larger windows for reactor drivers will be deferred until
successful development directions become well enough defined that the considerable
expenditures required to demonstrate full-scale windows are justifiable. The work will
focus on the three areas of: optical substrates advanced coatings and alternate window
designs. Table 4.3.5.2.1 summarizes some of the areas of concern for each of these. For
all program components, resistances to chemical attack and radiation resistance are
critical issues.

The goals of this optics development program are threefold. First, to develop
substrates and anti-reflection coatings that can resist corrosion in the hostile laser
environment. This proof-of-principle demonstration will be performed on small optical
components (typically 1 ” in diameter). The optics will be tested both statically and in use
on the rep-rated lasers developed for the work described elsewhere in this proposal. The
substrate coating should survive one million shots in a laser at a working fluence of over
2 J/em®. Second., these optics will be tested for resistance to radiation darkening. Again
the goal will be to produce an optic that is not significantly degraded by a x-ray and
electron fluence similar to that expected in an actual laser over a one million shot
lifetime. The third program goal will be to work with vendors to demonstrate that the
required substrates and coatings can be fabricated in sizes of 30 cm aperture. The final
deliverable will be a pair of windows that could survive one million shots in an electron
beam pumped KrF amplifier.

Table 4.3.5.2.1 Optics Development Issues

Substrates Coatings Alternate Concepts
Mutenials ) Matenals Engineering feasibility
Large size fabncation Coating design
Effect of uncoated coating process
window on amplifier
performunce
High temperature operation}  High temperature operation | High temperature operation.
Strength of Matenial

For substrate development. we will work with existing component manufacturers
to extend and improve current technology. The materials of choice are MgF, Al>O;, and
CaF,. Current state of the art in MgF- is 10-cm diameter, and there are poor prospects for
scaling significantly larger. It is thus not a good prospect for scaling to meter size optics,
but may be useful as a substrate in evaluating coatings, especially ones, which are
supposed to act as a barrier to protect the substrate. CaF; and Al,Oj3 are both currently
available up to 30-cm aperture; there is also commercial effort underway to scale to
larger sizes for the lithography industry 1, Optical quality of these materials at large sizes
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will be an issue, for lithography even more strongly than for IFE. Demonstrating
adequate lifetime on AR coatings for sapphire will be a key issue because of the high
index of refraction.

Substrate performance may be affected by radiation darkening by x-rays, UV, and
high- energy electrons. A great deal of work in ongoing to characterize these issues for
space applications and lithography -] We need to assess the impact of these factors at
the moderately high operating temperatures expected for an IFE amplifier, 500-600°C. In
passing it is worth noting that high temperature operation is not necessarily detrimental; it
could in fact prove beneficial in protecting against cumulative effects of radiation
exposure.

We need to expand the effort begun under the Nike program to evaluate and
improve the corrosion resistance of UV anti-reflection coatings. One obvious extension
of prior testing procedures will be to use MgF; or sapphire substrates to reduce the risk of
sub-surface damage to the substrate contaminating apparent coating performance results.
We will continue to involve coating vendors in the development process, as well as
outside consultants expert in optical coatings.

Alternate window designs will be explored. One concept is to protect the optic
with a thin optical membrane, which could be rapidly and inexpensively replaced.
Pellicle membranes developed or the lithography industry are currently available in sizes
up to 30-cm diameter, which transmit more than 99% of the UV light. If a suitable design
could be developed to minimize pressure stresses on this window, it might provide
chemical protection for the main amplifier window. Radiation effects and/or high
temperature operation may be fatal flaws for this concept. The level of effort here will be
criically dependent on the quality of the concepts, as well as the success of the more

conventional approaches.

4.3.6. DESIGN TOOLS FOR KRF
4.3.6.1.INTRODUCTION

An 1ssue of some concern in proposing a KrF laser driver for IFE is that the most
efficient and economical operating regime for an IFE reactor driver laser may, or may
not. be the best and most efficient regime in which to operate large electron beam
pumped KrF amplifiers, which will largely determine the laser efficiency. There is
considerable experience in operating small discharge pumped KrF lasers in a continuous
repetitive mode, some experience in operating large electron beam pumped KrF
amplifiers in a single pulse mode at or near room temperature, but very little experience
in operating strongly excited electron beam pumped amplifiers in a repetitive pulsed
mode. An issue in the latter case is that it is desirable from an operating efficiency
standpoint to let the gas temperature in the recirculating loop rapidly equilibrate at a
temperature of 500-600°C, but there is only limited experience [from EMRLD burst
mode operation] in operating KrF in this mode.
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It is also worth noting that the EMRLD designers expected from their code
modeling of KrF kinetics to see the laser output increase considerably at elevated
temperatures, but experimenjally this did not occur. Some reports in the literature appear

16 give support to the concépt that krypton-rich mixtures may be capable of achieving
intrinsic efficiencies of 15% or greater, even near room temperature. Once again, as with
elevated temperature operation, there is little reason for confidence in our current ability
to scale these results into different operating regimes.

The situation is not any more resolved with regard to codes to predict the
propagation and absorption of the electron beams in the laser gases. Simulation
calculations performed at Los Alamos prior to the design, fabrication and testing of the
Nike 60-cm amplifier predicted not only the need for a larger applied magnetic field to
avoid "pinching" of the electron beams by a factor of approximately two, but predicted a
beam instability at or near full beam current which did not occur at all.

This rather unsatisfactory situation is not a reason to postpone the 30-cm
Rep-Rate Laser, as conditions can be accessed which will allow it to operate in a
mecaningful way for developing a design basis for larger amplifiers. Interpolation is
always a more certain procedure than extrapolation, after all. It does, however, point out
clearly that further work is merited to ensure that the conclusions which will be drawn
from the results on the 30-cm Rep-Rate Laser for the large meter-aperture amplifiers for
an IFE driver, will be based as soundly as possible on experiment, calculation and
simulation.

4.3.6.2 MODELING AND ANALYSIS TASKS
4.3.6.2.1. KRF LASER KINETICS MODELS

It might be expected that the kinetics of KrF lasers is well understood. This, while
a desirable situation, is far from a certainty. There are several reasons for this situation:

e The laser Kinetics are quite complicated as they involve not just excitation of KrF
molecules, but the actual dissociation of fluorine and the formation of KrF excimers
in an excited state, with considerable complication from the diluent and unexcited
gases. The short upper level lifetime also means that the KrF is actively participating
in the process on a time scale short compared to the duration of the pumping pulse.
Most models, which have been developed to date, are forced to estimate many
unmcasured rate cocfficients by gas Kinetic models.

e Additionally, in most small experiments it is difficult to measure the fraction of the
electron beam. which is absorbed by the laser mixture, as opposed to the walls of the
cell. or other structural members such as the foil support structure. This leads to most
such experiments generating relative data with gaps in the description of the actual
conditions.
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e As noted earlier, the gas in an e-beam pumped amplifier may be heated 50 to 100°C,
or more, during a single e-beam excitation pulse. The temperature resolution of even
well controlled experiments is thus poor.

In order to quantify the status of the laser kinetics models and modeling, we
intend to access the best available models and exercise them fully on the best available
data sets and in comparison to each other on the same data sets. One non-US source.
which seems worthy of note, is a Russian code for predicting excimer laser kinetics.
Schafer Corporation obtained the corresponding XeCl rate package for this code last year
and found that it included considerable cross-section data, which has not been reported in
the open literature by the Russian laboratories. It seems prudent to obtain the KrF analog
of this code, as well as various US, and Western models. '

4.3.6.2.2. DEVELOPMENT AND TESTING OF ADVANCED KINETICS-BASED BEAM
PROPAGATION CODE

Once confidence has been attained that the physics is correct in the KrF kinetics
modeling, a serious issue which should be addressed is to model the detailed propagation
dynamics for the pumping beams and laser extraction in angularly multiplexed amplifiers
with the pulse shaping necessary to implode fusion pellets. The code must include three
spatial dimensions to properly account for "dead” spaces in the angularly multiplexed
amplifiers, and be realistic in the time dimension to include the effects of pulse shaping
and long gain pulses. This will be a valuable tool for evaluating the relative merits of
vanous pulse shaping and multiplexing configurations. The results will be bench marked
to experiments on the Nike 60-cm amplifier and the 30-cm Rep-Rate Laser.

4.3.6.2.3. ELECTRON BEAM PROPAGATION CODE

Amplifier apertures in the 1-meter class are projected for the IFE application. The
design of efficient electron beam transport is more difficult with large apertures because,
even with segmentation the cathode is very large and the current per cathode is high, well
bevond the pinch limit. The self-field of the clectron beam is large and it becomes crucial
that one accounts for the beam deflection by the self-field. The design of foil support
structures that do not intercept the beam becomes more difficult with large spans and the
large magnetic fields. We propose to develop codes that simulate the electron beam in
geometry that realistically models that of KrF amplifiers. The development will build
upon the PIC (Particle-in-cell) codes that have already been developed in the microwave,
plasma physics, and pulsed power communities. The testing of the code predictions will
be primarily performed using the Nike 60-cm amplifier. The high currents and large sizes
of the components of this device should allow testing near the regimes required for
reactor-class KrF amplifiers.
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Appendix 2: Simplified Model of IFE Power Plants

Abstract
This model allows calculation of allowable laser system cost as a function of: (1)
laser system efficiency; (2) grid cost of electricity (COE); and (3) BOP thermal
efficiency.

The starting premise is that the grid will determine the COE, not by the plant. Although
this is an unconventional view of power plant economics, it has no effect on the
conclusions of allowable costs. However, it leads to an interesting simplification of the
plant, in the following sense: IFE plants have the unusual property of being substantial
users of electrical power. In a conventional plant the internal usage of the product
(electrical power) may be from a fraction of a percent to perhaps 10 percent if very low
efficiency electrostatic precipitators are used. A laser-driven IFE plant, in contrast, is
projected to use 20 to 30 percent of the gross production for powering just the lasers.
This is usually viewed as an internal feedback loop within the plant, and the plant
optimization is juggled to hold constant net production.

The alternative view used herein is to unroll this internal feedback loop; to buy the power
for the lasers from the grid, then to sell the gross production back to the grid. In doing
this we fix the gross production of electricity, so the net varies slowly with laser
efficiency. With the gross production fixed, many plant variables either become
constants, or become sufficiently weak variables that they can be adequately
approximated by constants. This considerable simplification makes the power plant
analysis considerably more transparent.

By unrolling the laser electrical supply. the equipment needed to support this large power
flow appears explicitly. Thus, the power comes in through a dedicated switchyard, with
its associated costs. These very real costs, which scale strongly with laser efficiency,
tend to be relatively hidden in many IFE plant studies.

Another variable that appears is the recovery of laser waste heat. This is usually treated
very simplistically as a reduction in the amount of fusion energy required supplying the
steam generators. However, real life is much more complex, in that how this waste heat
is utilized dramatically affects the steam flow through the plant, including through the
low-pressure turbine stages and the main condenser. Both of these have substantial costs
associated with them. We include two extreme cases: (1) all laser waste heat recovered,
or (2) no laser waste heat recovered. We approximate these conditions by assuming two
discrete values for the BOP thermal efficiency: 47 percent and 45 percent, respectively.

In neither case do we include the cost of heat exchangers to get the heat out of the laser
system. That is presumed to be a laser system cost. Also, we assume the recovered
waste heat replaces BTU-for-BTU regeneration steam. This is slightly optimistic in that
steam regeneration is highly optimized to conserve entropy, while it is likely waste heat
recovery will not be able to reheat the feedwater at constant entropy.
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Many plant costs are simply taken as fixed, using the values from the Sombrero plant
study, from the Prometheus-L plant study, or from rather arbitrary assumptions. Greater
complexity can be added in the future, but with insignificant effect upon the conclusions.

One unrealistic artifact is that the plant repetition rate varies with other design variations.
Reality should be that that the repetition rate is an independent parameter, determined by
best estimates of the chamber clearing time. However, at present we have only one
"certified" direct-drive target design point. Thus the absorbed laser energy and the
resultant target yield can not be varied to accommodate laser efficiency changes, so the -
repetition rate must change, at least for now.

The display of the results, on page 3, was the suggestion of Michael Monsler of Schafer
Corporation. What is plotted is a family of curves, each curve being the allowable laser
system total direct cost as a function of laser system efficiency. The family of curves is
built up by varying the COE. And each curve is split into two by the two laser waste-heat
recovery assumptions. The derivation and assumptions are as follows.

The allowable laser system direct capital cost varies from a low of -$200 million for a 5-
percent efficient laser and a 5c/lkWh COE up to +$4 billion for a 15-percent efficient
laser and a 12 ¢/kWh COE. If we assume the laser costs $1 billion, then it must be
between about 7.5 percent efficient to 14 percent efficient for COEs of 7 to 6 c/kWh.

A second conclusion is that the recovery of waste laser heat does not translate into a
significant increase in the funds available for the laser. The savings are eaten up by the
additional costs of the turbine and main condenser. In a conventional plant the
condensate return is heated at constant entropy until, as high-pressure feedwater, it enters
the boiler at very near the boiling temperature, the steam generator adds the heat of
vaporization, and the superheater subsequently provides additional temperature rise for
the vapor phase. This counter-intuitive process, called regeneration, maximizes the plant
thermal efficiency, and diverts about one-third of the total steam flow around the low-
pressure turbine stages and condenser. Replacing a substantial fraction of the
regenerative steam with laser waste heat dramatically alters the plant steam flow and
equipment.

What we will do below is the following:
(1) Follow the power flow through the plant;
(2) Derive a gross budget;
(3) Estimate operating cost from the power flow;
(4) Convert the remainder to a total direct capital cost;
(5) Deduct the Sombrero estimates of reactor cost;
(6) Deduct BOP costs using Sombrero and Prometheus scaling from the power
flow;
(7) Deduct other capital costs using Sombrero estimates; and,
(8) Allocate the remainder to the laser system.
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(Upper curve of each pair is for BOP efficiency of 47 percent, lower curve for 45 percent.)

As mentioned, one measure of significant simplification, compared to Sombrero, is that
we fix the nameplate rating of the alternator, rather than fix the net electrical production.
Although this means the net electrical production varies slightly as the laser efficiency
varies, 1t also means that many variables in the Sombrero analysis become either
constants or have such weak functional relationships that they can be assumed to be
constants without adversely affecting the conclusions.

The following discussion walks you through the logic:
(1) The plant buys enough electrical power from the grid, at the prevailing COE,
to power the laser system. That power comes in through a switchyard and

transformer bank.

(2) That electrical power is converted to optical power with an efficiency that
varies from 5 to 15 percent.
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(3) Either none or all of the laser waste heat is used to replace regeneration steam
in the feedwater heaters.

(4) The laser optical power is transmitted to the target with an efficiency assumed
to be 0.90.

(5) The target is assumed to absorb 0.70 of the incident energy.
(6) The absorbed energy is fixed at 2.4 MJ.

(7) Energy flow, on a per-pulse basis, prior to this point can be back calculated
from the absorbed energy, all they way back to the laser electrical switchyard
feed. Below we will get the repetition rate so that these can be converted to
power flows from per-pulse energy flows.

(8) The target gain is fixed at 110 and the yield at 110 times the absorbed energy.
The absorbed energy and gain are a fixed design point from NRL. Eventually
one wants to select the target performance from a gain versus absorbed energy
curve, to maximize plant profitability at the highest repetition rate consistent
with chamber clearing and consistent with the target net electrical production.
It is critical that qualified authorities in IFE target design bless the assumed
yield versus absorption curve. Currently we have not a curve, but only a
single point. Thus we must vary either the rep rate or the plant output as the
laser efficiency changes. Fixing the plant gross output, as we have done,
significantly simplifies the calculations.

(9) The coolant is assumed to be solid lithium oxide, as in Sombrero, and the
fusion energy multiplication in the blanket is assumed to be 1.08. The tritium-
breeding ratio is presumed adequate to support plant requirements and is not
considered further. The efficiency of heat transfer from the blanket to the
steam generator is assumed to be 1.00.

(10)  Rather than consider the details of regeneration and debates over the shape
of the left vertical edge of the Rankine s-T curve, we assume a steam cycle
efficiency of 0.45 if no laser waste heat is recycled, and 0.47 if the entire laser
waste heat is recycled.

(11)  The alternator is assumed to have an efficiency of 0.987.

(12)  The nameplate rating of the turbine is fixed at 1305 MWe.

(13)  The power flow from the target to the turbine can now be back calculated.

The plant repetition rate is calculated from the target fusion power and per-shot energy.
The laser power flow (optical output, electrical input, and waste heat) are now back
calculated from the fusion target absorbed energy and the repetition rate.
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For our assumptions of gross electrical production, target absorbed energy, target gain,
and fusion multiplication ratio; the plant repetition rates are 7.21 pps and 6.91 pps for
thermal efficiencies of 0.45 and 0.47, respectively. It is likely that both of these values

"~ are too high to be consistent with intra-pulse chamber clearing, but that data must await

both detailed chamber design and experimental studies, such as proposed by the
University of Wisconsin. And, as mentioned, the two values differ because we have only
one target design point at present.

The balance-of-plant electrical requirement is assumed to be 55 MWe from Sombrero.
This includes everything except the laser system pulse power, magnets, and gas
circulation and cooling.

The gross electrical output is the nameplate rating minus the BOP requirement, or 1250
MWe, fixed. The useful net electrical output thus is 1250 MWe minus the laser electrical
power input, which varies with the laser efficiency.

The plant is assumed to operate at full power 0.75 of each year during its lifetime.
The value of the gross electrical production is 1250 MWe times the COE times 0.75
times the number of hours in a year. This is $82.125 million/yr. for each one cent per
kWh COE.

The plant lifetime is assumed to be 30 years. The lifetime total gross value of the plant
product is the annual value times the lifetime.

From the annual gross sales value, we must deduct the operating costs and certain capital
costs that scale with operating costs. These are discussed in the following section.

PLANT OPERATING COSTS
Operating costs are calculated on an operating hourly basis and on an annualized basis.

Cost of laser electricity. In this model the cost of laser electricity has two components:
(1) Buying the power from the grid at the COE; plus (2) amortization of the cost of the
switchyard that feeds the lasers.

The input power to the lasers can be calculated from the repetition rate of the plant, the
absorbed energy at the target, the target absorption fraction, the optical transmission
efficiency, and the laser efficiency. This can then be converted to an annual energy
requirement by multiplying by 0.75 times the number of hours in a year. And this is
converted to a cost by multiplying by the COE.

The capital cost of the switchyard and transformers required to feed the laser pulse
power system is a capital cost associated with this power flow which is outside the laser
system proper. This cost was scaled from the Sombrero switchyard cost using the "kW to
the 0.4 power" scaling rule used in Sombrero. This gives an estimated direct capital cost
for the laser switchyard. which can be converted to a total capital cost estimate by
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multiplying by (1.0 + 0.93), where 0.93 is the capital cost adder from Bechtel in the
Sombrero study. The capital cost adder covers indirect capital costs (design) and
estimated cost of money during construction.

Annualized Charge. The next task is to convert this total capital cost into an annualized
charge. A constant 6.5 percent cost of money and a 30-year lifetime were assumed.
Under these assumptions, the net present value of $1 per year is $13.06. Thus, for every
$13.06 of total capital cost of the laser switchyard, an annualized charge of $1.00 is
incurred to pay for it. This enters explicitly since it is a strong function of assumed laser
efficiency. Applying the capital cost adder of 0.93 for indirect capital costs, then $1.00
of annual cash flow will buy $13.06/(1.0 + 0.93) = $7.05 of direct capital cost. This
yields an hourly charge for amortization of the laser electrical switchyard of the estimated
direct capital cost divided by $7.05 per dollar and further divided by the number of
operating hour per year (24 x 365 x 0.75 = 6570 op hrs/yr.).

The cost of power is X times (COE in cents per kWh / laser efficiency in percent) where
X is $16.25 million and $15.56 million for thermal efficiencies of 0.45 and 0.47
respectively. Thus, for a plant with a thermal efficiency of 0.47, a laser efficiency of 7.5
percent., and a COE of 6 c/kWh, the annual power bill for the lasers is 15.56 x 6 /7.5 =
$12.45 million/yr. or $1,895 per operating hour.

In addition, the laser draw is 330 MWe and the switchyard is estimated to cost
70 x (330/1360)* = $39.7 million direct capital cost. Dividing by $7.05 per dollar gives
an annual cost of $5.63 million, or $857 per operating hour.

Cost of Staff. A second operating cost is staff. A staff of 100 was assumed at an annual
cost of $120.000 each. This is probably a somewhat high estimate for a 10th of a kind
plant. at $12 million per year, or $1,826 per operating hour.

Cost of Consumables. The plant requires routine supplies of gases. An arbitrary value of
$500 per operating hour for gases for the laser and $50 per operating hour for chamber
gases were assumed. Additionally, $2,000 per day (operating or not) for helium
liquefaction and $1,000 for liquid nitrogen every day, whether up or down were assumed.
It was assumed that the plant uses $1 million of coolant ceramic and lead per year. The
cost of consumables is thus $5.7 million per year, or $869 per operating hour. All of these
numbers are arbitrary guesses.

Targets. Previous studies have included the capital cost of the targets as a factor in the
plant cost. This complicates the plant capital cost estimate. Further, it is reasonable to
assume that the target factory may be replaced or redesigned several times during the
lifetime of the plant. The target factory was taken out of the cost plant estimate and
viewed as a vendor selling the plant targets on a per-each basis. At $0.25 each, which is
an upper limit estimated in the Prometheus study. As with all costs, this can vary, if
savings can be effected elsewhere. Since the task here is primarily to define the
challenge for the laser designers, the target factory problem has been simply off-loaded to
the target fabrication people by allocating them this fixed price per target. The plant uses
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24,876 or 25,956 targets per operating hour at 6.91 or 7.21 pps, respectively. At the
arbitrary charge of $0.25 each this is $40.9 million or $42.6 million per year,
respectively, equal to $6,220 to $6,500 per operating hour.

Maintenance. In addition to gases and targets, things have to be repaired. We allocate
funds on an annual basis for several routine maintenance tasks. It was assumed that foils
last 1,000 hours, cost $50 each, and there are 4 per amplifier in 65 amplifiers. That is
about $13 per hour. Other high voltage equipment was assumed to cost about $1 million
per year in spare parts. Optics maintenance was assumed to cost $10 million per year.
The chamber was assumed to require $10 million of maintenance every 5 years,
annualized to $2 million per year. Maintenance parts total are $13.1 million per year or
$1.992 per operating hour. Again, these numbers are arbitrary guesses

Total operating cost is the sum of the following: (1) Cost of laser electricity (including
amortization of the switchyard): (2) Cost of staff ; (3) Cost of consumables ; (4) Cost of
targets: plus, (5) Cost of maintenance parts. It is also necessary to allocate a
decommissioning cost. A fixed charge of $100 million was assumed and allocated as
$3.33 million per year or $507 per operating hour.

The allowable total capital cost of the plant is the present value of a dollar per year ($13.06
per assumptions given previously) times the following: (1) Gross value of annual
production; less (2) Annual operating costs; less (3) Annual allocation for decommissioning

The allowable direct capital cost of the plant is the allowable total capital cost divided by
the total direct cost factor (1 + 0.93 from earlier)

Fixed Costs. From this cost some slight fixed, or nearly fixed. costs must be deducted.
From Sombrero: (1) The cost of the reactor was taken as $592.1 million; (2) The cost of
land and buildings were taken as $289.6 million; and, (3) The cost of the main turbine
and its auxiliaries were taken as $326.3 million. The cost of the main condenser and
cooling towers is scaled from Sombrero from the fusion power minus the gross electrical
output.

What is left is the allowable direct capital cost of the laser system, which is a function of

the laser efficiency. and of the plant thermal efficiency (reflected in waste heat recovery),
and of the COE. All of this is what appears in the plot on page 3.
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APPENDIX 3

MANAGEMENT PLAN
OCTOBER 26, 1998

Management of the Direct Drive (Laser) Inertial Fusion Energy Program will require
coordinating the laser activities of both the krypton fluoride (KrF) and Diode Pumped Solid State
Laser (DPSSL) driver programs, as well as answering those technology questions related to
chamber development, target design, target manufacture, and target injection. This management
function needs to be performed such that the technical activities are focused to answer the critical
scientific issues that allow the IFE community to demonstrate to the Department of Energy (DoE)
that we are on a path that can lead to an eventual power plant whose cost of energy and cost of
electricity (COE) will be acceptable to the power industry. Thus, while developing the best purely
technical answer (i.e. highest efficiency) is the goal of a purely scientific endeavor; this program
needs to balance pure scientific goals with the economic realities of eventual industnal
participants.

It is the latter issue that can complicate the management issue. Scientists are good at
criticizing science, but not necessarily, assessing science’s ability to promote industrial advances.
Therefore, to aid in managing the program a model will be developed which is appropnate for an
IFE plant using a DPSSL as a driver, and another model for a plant using a KrF laser as a driver.
These models will be used to relate technical characteristics (pulse energy, beam uniformity, laser
efficiency. thermal conversion efficiency, plant availability, etc.) to COE for each concept. Thus,
the models can help in setting task goals and priorities, as well as, in reviewing progress against
agreed milestones. This will help in identifying the need for changes in program strategy. where
necessary, i.e. increased resources for critical issues, and in descoping activities that have
adequately answered issues, even if the detailed goals have yet to have been met. These models
will also be able to assist program managers in best use new information from other programs to
assess program progress and to assess the priorities for funding changes, both increases and
decreases.  The key point to make is that the models can be used to ensure that the KrF and
DPSSL programs are both focused on their key issues relative to an IFE fusion reactor, which
may be quite different at this phase of development. These models can also be used in an
unbiased way to provide oversight to the efforts.

To assure focus, both an oversight panel and an executing technical panel will be
established. The oversight panel will be chaired by Gerry (Schafer/LSI), and the membership
will consist of Stregack and Monsler (Schafer), a TRW representative, Meier or Logan (LLNL),
R. Hunter, Powell (LLNL, D. Hammer (MFE representative), the program managers; S. Bodner
and M. Campbell as ex officio members, and a DoE representative. This panel will meet at
nominal intervals of four months and can task any and/or all of the other panels for input on
particular issues. Either co-chair of the technical panel can bring an issue to the oversight panel
for assistance in responding for IFE program to requests for reviews and updates by DoE, various
review panels and outside requests from the larger National community.

The executing technical panel will be chaired by the Program Managers, S. Bodner

(NRL) and M. Campbell (LLNL). Assisting the technical panel will be the System Modeling
Leads, Monsler and Meier. Under the technical panel are also a KrF Team, chaired by S.
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Obenschain (NRL) and a DPSSL Team, chaired by S. Payne (LLNL). The present membership
of these teams is:

KrF Team (S. Obenschain-chair) |DPSSL Team (S.Payne-chair)
Lasers Sethian(NRL) Marshall (LINL)
McMahon(Schafer) McMahon (Schafer)
Large optics : Lehecka (NRL) - Wallerstein(LLNL)
Physics/modeling Walters (Schafer) Krupke (LLNL)

Both teams will be assisted by an independent team which is tasked to address reactor critical
technology areas.

Fusion Reactor Team J. Stregack (Schafer/ Chairman)
Chamber Barr(Schafer) Sviatoslavisky(Wisconsin)
Logan (LLNL) ?(ORNL)
Pellets Duke (LANL) Hendricks (Schafer)
System modeling| Monsler (Schafer) Meier (LLNL)

By using these panels effectively, we can keep track of both requirements and of the impact of
results, in real time and use this mechanism to reformat the program as it evolves to ensure that
resources are concentrated on the most pressing and highest impact issues.
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Appendix 4

Preliminary Design of Electra 30-cm Amplifier Guide
Magnet

1/28/99

Introduction

The Electra amplifier uses an active medium of krypton-fluoride excimer gas lasing at
248 nm. The gas is pumped by two opposing 500 keV electron beams, each of rectangular cross
section of 1000 mm wide by 300 mm high. The current density in each beam is 38 amperes per
square cm; the pulse top duration is 100 ns and the rise and fall times are about 10 ns.

Each electron beam generates a self-induced magnetic field due to the current flow. If
propagating in free space, the spatial peak of these self-fields would be approximately 750
oersteds. The self-fields are modified by return current flows, an effect that is difficult to
calculate. Further, the self-fields of the two counter-propagating beams cancel, with varying
efficiencies at differing planes within the laser gas cell.

The effect of the self-field upon a single electron beam propagating in free space is to
induce the beam to collapse into filaments where the electrostatic repulsion balances the
magnetic pinching. Such self-pinching may occur in the cathode-to-anode gap of the electron
gun. in the drift space occupied by the hibachi between the anode foil and the pressure foil, and
to a lesser extent in the gas cell. The reason for the latter statement is that as the pump beams
propagate into the laser gas, the electron paths are increasingly dominated by collisions with the -
gas molecules (called "blooming") and are less and less affected by the beam self-fields, as the

~ self- fields more and more cancel each other as the beams approach the center plane of the laser

gas cell.

There are two well-known techniques for eliminating the self-pinching of the electron
beams due to their self fields: the use of non-uniform beams with high current densities in their
edges, and the imposition of an external guide field that dominates the self field.

Beams with high edge current densities have been extensively utilized in pumping KrF
amplifiers. Despite the elimination of the guide magnetic field, they have not enjoyed wide
popularity. This benefit is not free of cost, because the non-uniform beam intensity is created
using fast-pulse, high-voltage electrons, an expensive commodity. Secondly, the high edge
current densities significantly limit the choice of cathode designs and materials.

External guide fields are usually imposed at one to a few times the peak self-field of the
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beamns. Because the guide field is orthogonal to the self-field, it is equally effective for inhibiting
self-pinching of both counter-propagating electron beams in the amplifier.

The Nike 20-cm amplifier operates at approximately the same beam self field and pulse
width as the Electra 30-cm amplifier. The Nike 60-cm amplifier operation has been very stable
with a guide field of approximately twice the self-field, or about 1500 oersteds. It has a higher e-
beam self-field than Electra will have and operates best with a guide field closer to one times the
self-field.

For Electra we anticipate use of a guide field, aligned with B parallel and anti-parallel
with the electron trajectories. The anticipated operating field strength is 750 to 800 oersteds and
the design maximum value is 1500 oersteds. In all cases the field intensity is characterized at the
spatial location corresponding to the peak of the free-space self-field of the electron beam. For
rectangular beams of uniform intensity, this is at two points along the extreme edge of the beam.
These two points are the midpoints of the short (usually vertical) edges of the beam.

Objectives

The objectives are to design a magnet system with the following properties:

(1) Clearance between the coils for the beam and rear mirror;

(2) A clear aperture within each coil to surround the electron gun box with at least one inch of
clearance;

(3) Fit within the clearances available around the gas circulator without redesign;

(4) Compatible with NRL's available cooling water;

(5) Cost. including coils, power supply, and installation, within a fixed budget:

(6) Continuous operation at 1,500 gauss in the region of peak self fields;

(7) Field lines normal to the cathode surface well within 5 degrees;

(8) nominal field uniformity and minimal field bowing;

(9) 10 year service lifetime; and,

(10)  Aneye-pleasing appearance.

Design: Winding Method

The preliminary design described here is identified as Electra 036S3. This is a variant of
Electra 036. the 36th coil design examined for the Electra laser. The "S" designates a "short”
variant of design 036 in which the straight coil legs are reduced to 1600 mm from 1700 mm.
"$3" indicates the third variant of the 1600-mm short design derived from the basic version 036
design. Three variants were examined for design case 036. Base case 036 is a 1500 Oe magnet
with 1700-mm straight legs. Case 036H2000 is a high field variant, at 2000 Oe. 036S3 is a 1600
mm leg-length variant of the 1500 Oe base case.

The design chosen consists of two racetrack oval coils, each with straight legs of 1600
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mm, semicircular arc ends, and a vertical clearance between the straight legs of the coils of 950
mm. This length clears the 1550-mm length of the electron gun boxes. These coils are each
enclosed in non-ferritic metal cans for protection and support. The cans support the coils so that
the faces of the coils are 400 mm apart. This clears the 30-cm optical beam and the rear mirror
mount.

Each coil consists of 126 turns of conductor, laid up as seven turns radially and 18 turns
longitudinally (in the direction of B and the common axis of the two coils).

There are two common multi-layer coil-winding configurations: solenoid and pancake. A
single-layer solenoidal coil is a coil whose length is great compared to its radial thickness. The
conductor is wound in a long, thin layer spiraling in the longitudinal direction. Additional layers
may be added. forming concentric single-layer solenoids, thereby increasing the inductance and
the field strength. Solenoidal coils are characterized by long conductor lengths, very uniform
fields. and relatively low labor costs in fabrication.

The alternative is to wind like a watch spring, in a pancake. Practical designs use double
pancakes, in which the conductor spirals inward radially to the center of the spiral, transitions to
an adjacent plane, and spirals back outward radially to the outside again. Double pancake
designs are characterized by relatively shorter conductor lengths, better cooling, and substantially
more labor required in winding. The layer-to-layer transitions distort the field so the uniformity
is not as good as for solenoid winding. Multiple double pancakes can be stacked up in the
longitudinal direction to increase the inductance and field strength.

Another case of the double pancake configuration is a foil-wound coil. In these coils the
conductor is a wide, thin foil, which spirals in, jumps over, and spirals out. Foil-wound coils
achieve extremely high uniformity on iron-poled magnets, but are difficult to cool. In our design
036 each double pancake has 14 turns, seven radially in each pancake. Each coil has nine double
pancakes stacked longitudinally, giving the final configuration of 7 by 18 turns.

Design: Conductor

We chose 0.625-inch square OFHC copper conductor, with a 0.375-inch round diameter
center hole for cooling. The outside comners have 0.060 nominal radii, and the resistance is 29.90
micro-ohms per foot. There are several tradeoffs here.

First, it is a standard die size available from a US vendor. This reduces the time delay
considerably, both by eliminating the time and cost of making new dies, and saving the shipping
delays (or airfreight costs) of shipment from Europe.

Second. we chose a round ID wire. This tends to be more available than square ID wire,
and has a lower resistance per foot. However, it is somewhat harder to wind.
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The comer radii make installation of insulating tape easier and reduce the risk of epoxy
cracking due to stress concentrations at the conductor corners. However, the corner radii
increase the coil resistance and decrease the percentage of the coil volume that is useful
conductor.

The 3/8-inch ID provides for substantial coolant flow and channels large enough to resist
blockage. Conversely, it takes away copper, both increasing the coil resistance and the thermal
heat capacity. (The latter is important only in pulsed service.)

Having a large ID dictates a large outside dimension. Using 5/8-inch square conductor
provided for adequate conductor area around the cooling bore while keeping the conductor
weight to a manageable 1.06 pounds per foot. Small conductor would be too inefficient in use of
the coil volume, and larger conductor would be much more labor intensive to wind. Also, as will
be discussed below. this conductor size is convenient for winding the coil with no internal
splices. which both eliminates potential failure points and substantially reduces winding labor.

There is one downside to the large conductor. For conductors up to approximately 0.45
inches square, the conductor can be fabricated with a ceramic insulation already applied,
eliminating one taping step in coil winding. The larger conductor comes bare and requires two
independent tape layers be added.

Larger conductor also increases the field distortion caused by the layer-to-layer transition
in cach double pancake. It also requires fewer turns at higher current per turn. This increases
power supply cost, which minimizes at about one ohm load resistance. In this case we have
achieved a total load resistance of the order of 0.2 ohms, which isnt too bad. Smaller wire
obviously raises the resistance, but it rapidly diminishes the fraction of the total available volume
filled with copper. degrading the efficiency of the coil and increasing the cost of insulation.

Each double pancake is wound with not one, but two, conductors. The two are
interleaved so each makes three and one-half turns in to the center and an equal number back out
in the second layer. This has three effects: (1) it doubles the coolant flow per double pancake,
halving the temperature rise: (2) it halves the weight of each individual conductor, so each can be
a complete. single piece from the mill. obviating the need for splices inside the coils; and, (3) it

at least doubles the field distortion from the layer jumps.
This form of winding is commonly termed “two in hand” since the winder must work conductors

in pairs that are wound at the same time.

Adjacent double pancakes are laid into the coil in alternating senses, such that the field
distortions from the layer-to-layer transitions tend to cancel each other. The effect is far from
perfect. but it helps. This makes the electrical connection of the conductors somewhat more
complex. since the current flow through adjacent double pancakes now must be in opposite
directions. However, there are standard techniques for handling this.
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The length of each conductor is 152 feet, the weight 161 pounds, and the resistance 4.45
milliohms. Double these numbers for each double pancake, and there are 18 conductors (nine
double pancakes) per coil. The total weight of each coil is approximately 1500 kg.

Design: Insulation

The 1500 Oe field strength is achieved at 1010 amperes per turn. With all turns wired in
electrical series, the voltage is approximately 90 volts. The highest voltage between adjacent
turns is 15 volts, taking into account the two-in-hand winding and the alternating sense of
adjacent double pancakes. ‘

Each conductor is taped twice. The inner tape has adhesive and bonds to the conductor
surface, completely covering it. This tape has high dielectric strength and provides the basic
turn-to-turn and turn-to-case insulation of a few kV. Each conductor is then spirally wound with
fiberglass tape. This tape serves three functions: (1) It protects the insulating tape during
winding: (2) It spaces the turns apart to allow epoxy impregnation between turns; and, (3) And it
reinforces the epoxy.

A typical lay-up like this has a spacing of 0.038 to 0.040 inches between adjacent turns
radially and between adjacent layers axially within each double pancake.

Additional tape, called "skip tape,” binds the turns and layers of each double pancake
together, allowing them to be moved from the winding machine to the potting mold. The skip
tape does not form a continuous layer. It provides an additional approximately 0.016 to 0.020
inches of spacing between adjacent double pancakes, which improves the penetration of the
epoxy into the windings. Around the exterior of the coil the epoxy layer is approximately 0.10
inches thick, providing mechanical protection for the conductors and taping.

Finally, each coil is vacuum impregnated with a compatible, long-life epoxy. The epoxy
wets the fiberglass tapes and rigidly holds the conductors in place, preventing them from moving
and eventually abrading through the tape insulation. The potting is done in a sealed, vacuum-
tight mold. The mold is evacuated and the epoxy is separately degassed under vacuum. Then the
epoxy is introduced and flows between the turns, wetting the fiberglass tape. The "vacuum” used
is crude. perhaps 10 torr. The result leaves some small voids and bubbles. But at 15 volts per
turn, and a peak magnetic pressure of a few pounds per square inch, this is no matter. At higher
voltages and/or higher fields, potting becomes much more important.

Design: Terminations
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Normal practice is to braze together the series connections between conductors inside the
coils. These reduce the coil resistance and hence power dissipation. However, we have elected
to not do that for the following reasons: (1) Only about two thirds of the connections could be
internal with the alternating senses of double pancakes; (2) The lack of internal connections
increases the user’s confidence; (3) there is adequate space for external electrical connections;
(4) in the remote chance of a failure, it is easier to isolate and to bypass; (5) Thus we specify the
electrical connections be a minimum of five inches outside the epoxy. And they must be brazed,
to minimize added resistance. :

In either case, every conductor end is brought out so that the 18 individual conductors ina
coil can form 18 parallel cooling channels, allowing maximum water flow and minimum
temperature rise. We estimate the water flow to be 46 GPM per coil at 50 PSIG. Ata design
power of 90.6 kW per coil, the resultant temperature rise is less than 8 degrees C. With 25-
degree supply water, the coil temperature is below 35 degrees C. In general, for long service
lifetime the maximum conductor temperature should stay below 60 degrees C with the epoxies
usually used for this service.

Where each pair of conductors are brazed together externally, a cap is brazed over them
as a pair and a single water fitting installed. Thus, for the 18 conductors and 36 conductor ends
in each coil. there are 17 water fittings each serving a pair of conductors and two serving single
conductor ends. This arrangement nearly halves the number of water fittings per coil, effecting a
substantial savings of material and labor, as well as improving appearance.

Design: Field

The whole reason for the project is to achieve the specified field. The following plots
show the field at five planes: (a) The centerline of the gas cell: (b) Midway from the centerline to
the pressure foil (z = +85 mm): (c) At the pressure foil (z = +170 mm); (d) At the anode (z =
+220 mm); and, (e) At the cathode (z = +270 mm).

Plots are given for the total field. the tilt of the field in the x direction, and the tilt in the y
direction. Tilts are in degrees from normal. The plotted surface corresponds to the projection of

the entire cathode emitting area, 300 mm high (y direction) by 1000 mm wide (x direction).

The uniformity over the cathode is +/-3 percent. The worst case tilt is 1.9 degrees in x,
1.0 degrees in y, and 2.0 degrees total. These plots are attached to the end of the report following
the text.

Design: Inductance
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Calculating the inductance of racetrack ovals is less straightforward than for circular
coils. In this case, it is a challenge not worth solving, since we need only approximate
inductances. We approximate the racetrack by a circle where the radius of the circle is chosen so
that the mean turn of the circle and the mean turn of the racetrack enclose equal areas. We
maintain the same 7 by 18 rectangular cross section for the circular equivalent coil and calculate
its inductance using two different approximate methods in Grover’s "Inductance Calculations,
Working Formulas, and Tables,” Chapter 13, "Self-Inductance of Circular Coils of Rectangular
Cross Section.” The two approximations in Grover are 1) treating each coil as a solenoid (long,
thin winding) with a correction for the finite radial thickness and 2) treating each coil as a
pancake (spiral wound clock spring) with a correction for the finite axial thickness. Both
approximations yield a self-inductance of each coil of 43 millihenries and agree within 1 percent.

To estimate the total inductance of the coil pair, we resolve each of our circular
approximation coils into two circular filaments according to the method of Lyle. The resultant
estimate of the mutual inductance is 10 millihenries, for a total inductance of the pair of 106
millihenries.

The self-inductance is used to check the winding and connections of each coil. The total
inductance is used in the power supply design.

These inductances are DC. Because the coils are mounted in conducting cans, which
form massive shorted turns around them, the AC inductances are substantially lower. It is
usually useful to estimate the AC inductance of each coil as a few millihenries (perhaps 1 to 5)
and the AC mutual inductance as zero. Thus the total AC inductance is perhaps in the range of 3
to 10 millihenries. These are only crude guesses.

A disadvantage of the low AC inductance is that power supply ripple currents are
increased. Conversely, the ripple currents only heat the containing cans and do not sngmﬁcantly
modulate the inter-coil field in the gun and gas regions.

Design: Magneuc Forces

Thc two coxls of the guide magnet attract each other and must be supported apart by
spacers. There are many ways to estimate this force: (a) Assume each coil is a single circular
filament; (b) Assume each coil is two circular filaments of equal radii (ala method of Lyle); (c)
Assume each coil is nine circular filaments, one per double pancake; or, (d) Differentiate the
mutual inductance with respect to the axial dimension, z. In all cases we assume the
simplification of equivalent circular coils as discussed earlier for inductance calculations.

The first approach should give a slightly low answer because it under-weights the
contributions of the turns closest to each other. By approximation (a) above one gets 3,970
pounds force, by (b) 4,325 pounds, and by (c) we get 10 percent more than the first, 4,400
pounds. We take the latter as a good approximation of the correct value. Since the method of
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Lyle was used to estimate the mutual inductance, also assuming two circular current filaments
per coil, differentiating with respect to z as in method (d) should be no better than method (b).

Note that in applying approximation (b) here, we did not include Lyle’s adjustment to the
mean turn radius. Lyle’s corrected radius was used, however, in the previous calculation of the
mutual inductance. We specify the power supply be capable of 110 percent of the design current.
Thus, at maximum power supply current the attraction will be 121 percent of the above value, or

5325 pounds force. We take this as our design basis point.

Figures

Field plots for coil configuration 03653

Figure 1 Field at the Cathode Surface 30x100 cm
Center Value = Minimum Value = 1456 Oe

Comer Values = Maximum Values = 1544 Oe

Value at Point of Peak Self Field = 1500 Oe

Contours are 10 Oe

Current = 1010 Amperes
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Figure 2 Field at Anode Plane 30x100 cm
Center Value = Minimum Value = 1468 Oe

Cormer Values = Maximum Values = 1542 Oe

Contours are 10 Oe

Figure 3 Field at Pressure Foil 30x100 cm
Center Value = Minimum Value = 1773 Oe

Comer Values = Maximum Values = 1530 Oe

Contours are 10 Oe
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Figure 4 Field 8.5 cm from Cell Center Line 30x100 cm
Minimum Value = Top & Bottom Centers = 1465 Oe

Center Value = 1472 Oe
Maximum Value = Value at Peak Self Field = 1514 Oe

Contours are 10 Oe

P riliry Aot

Figure § Field at Cell Center Line 30x100 cm
Minimum Value = Top & Bottom Centers = 1454 Oe

Center Value = 1471 Oe

Maximum Value = Value at Points of Peak Self Field = 1513 Oe
Contours = 10 Oe
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Field tilt at the Cathode plane for Case 03653

P

Figure 6 Total Tilt from Normal 30x100 cm
Center value =0

Comer Values = Maximum Values = 2.0 degrees

Contours are 0.25 degrees

3 4

b 4

2 4

3

b -
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Figure 7 Horizontal Component of Field Tilt ~ 30x100cm
Centerline Value =0

Edge Values = Maximum Values = +/-1.9 degrees

Contours are 0.25 degree
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Figure 8 Vertical Component of Field Tilt 30x100 cm

Centerline Value =0

Top & Bottom Values = Maximum Values = +/-1.0 degree

Contours are 0.25 degrees
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Figure .7,

TRw EMR.D Excimer Laser Flow Loop.
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Final Acoustic Analysis

The PLACATE simulation code has been used to investigate medium
homogeneity for the modified flow loop design. The modifications, shown
in Figure 3.14, include:

e an increase of the distance between upstream and downstream
absorbers from 50 cm to 90 cm,

e the addition of one absorber to the upstream absorber section and
the removal of two downstream absorbers,

o an increase of the cavity width from 10 cm to 12 cm,
e an increase of the depth of the absorbers from 10 cm to 18 cm,
e and, an increase of the mean flow speed from 8 m/sec to 10 m/sec.

Some results of the simulation are presented in Figures 3.15 and
3.16. Tne swmulation was run for the first 20 milliseconds following
energy deposition in the laser cavity. The position axis represents the
drstance from the center of the laser cavity, normalized by the 12 cm
cavily widlh.

The evolution of the pressure distribution in the system is shown in
Figure 1.15. The linear scale that is used has the result that at early
tires. the large amplitudes near the cavity are not legible. However, the
efficiency of the absorbers is such that after about one half of a pulse
perioc. no pressure disturbances are even discernable in the figure. The
pressure fluttuations are plotted using a log scale in Figure 3.16. It is
otservec that the attenuation rate over one pulse period, is sufficrent to
redute RS density inhomogeneities to acceptable levels (RMS =g/, <
10°9). :

Myltiple Pylce Analysis

A simulation of two pulses was performed to determine the residual
effects that may occur during steady state operation. Figures 3.17 - 19
contain the results of the two-pulse simulation. The pressure and
temperature disturbances are presented in Figures 3.17 and 3.18. For the
pressure distribution, no change is discernable between the two pulses.
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Also, for the temperature distribution, the only noticeable change is the _

hot region from the first pulse that is convected downstream of the

cavity. -

-

The RMS pressure in the cavity is shown in Figure 3.19. While some
increase in the RMS pressure can be seen for the second pulse, the
attenuation rate is nearly the same. The corresponding density
disturbance is smaller by a factor of y and is of the order of 1 x 1075

The PLACATE simulations employ upstream and downstream boundary
conditions that provide ideal reflections of the acoustic energy. This
makes the simulation conservative because some portion of the pulse energy
will propagate around the bends on both ends.

En;rgnx Wake

Upstream-traveling pressure waves will be generated by each pulse of
the NRL excimer laser. The waves may be presented as a square pulse
traveling upstream at the acoustic velocity. As the pulse passes the
therralizer, heat is transferred to the plate leaving a "cold spot” in the
fiow This inhomogeneity may adversely affect laser beam quality.
Aralysis of the magnitude of the thermal disturbance generated by the
interaction of the pulse with the upstream thermalizer has been performed.

Qacs-poron of Problem

At the thermalizer location, the attenuated pressure waves may be
represented by the acoustic approximation for the associated temperature
anc veloZity disturbances to the mean flow. As the leading edge of the
pulse passes the thermalizer, the temperature of the fluid increases by
dT. Tnus. heat diffuses into the colder plate and leaves a temperature
profile 1n the fluid between T and T+dT. Then, as the trailing edge of
the pulse passes, the temperature of all of the fluid decreases uniformly
by dT. This results in a temperature profile between T-dT and T such that
the fluid adjacent to the plate is at T-dT. Thus, heat diffuses into this
cold layer from the plate. However, some cold fluid may be shed from the
downstream end of the thermalizer before reheating significantly. The
concern 1s that this “cold spot” may be convected into the laser cavity

and result in poor beam quality.
41
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Model of the Disturbance

The assumptions made in modeling the interaction between the pressure
wave and the thermalizer are as follows. Fully-developed laminar flow is
assumed to exist between flat plates of half-spacing 5. Also, the plates
are assumed to be isothermal at the temperature of the mean flow. The
pressure disturbance is approximated by an acoustic square-wave pulse.

The time that the pulse is over the thermalizer is short compared to the
convection time of fluid through the thermalizer. Therefore, streamwise
gradients are neglected and the momentum and energy equations reduce to
the diffusion type that have similarity solutions. The model is described
in detail in Appendix 2.

Resylts

The solution of the governing equations yields the downstream
temperature distribution as a function of time. After turbulent mixing
removes gradients perpendicular to the flow direction, a mean temperature
zay be used to define the density profile in the flow direction. If no
sudbsequent smearing or mixing of this profile occurs as the flow is
convected 1nto the laser cavity, the RMS density disturbance in the cavity
can be approximated as a function of time. For values representative of
the NRL excimer laser design, the maximum value was found to be:

RMS (ce/e)gyy = 4-3 x 1075,

This corresponds to a beam quality below two and inhomogeneities due to
other effects may be dominant.

Thermal diffusivity results in a decay of the residual temperature
variations during the transit from the thermalizer to the laser cavity.
This effect results in a factor of three reduction in the value listed
above 1f only laminar diffusion occurs. An order of magnitude reduction
can be expected for turbulent flow. Furthermore, since the size of the
“cold spot® is of the same order as the plate spacing, and because the
velocity profile in the thermalizer is not uniform, some convective
smearing of the disturbance may occur before transition to turbulence
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Mediu=z Homogeneity Measurements

In a Repetitively Pulsed Excimer lLaser

Jane M. Lin™ and Tmitri Zukowski™

TRV Space and Technology Group
Redondo Beach, CA

- -

Mediu= hozogeneizy measurements in the
caviTy of a repetitively pulsed excimer
laser wvere conducted in an efforc to
characzerize zhe perforocance of the laser
fov loop Opzical index variations due to
irnerer: baseline flov inhocogeneities and
tc Fusel erergy ceposition wvere evaluated
triezfercze=uzally. For the baseline flow,
ceasuezenzs vere made at three Mach num-
bers (( <& OC6E and 0.086) and with two
fiovirg zedia (azgor and neon). The flow
loc; azh.eved & 1.2 x 107 roms level of
gers:tv uniforz=tity at the highest Mach
ruzter The rcs density variations wvere
fe.n2 o irzrease as the square of the flov
T.oSe?

Vrzer pu.sed .asing condizions at &C H:
Tes-po.se rate. the cagnritude of densizy
varuaz:ors following the first and twentiezh
Fwses were fourc o decav to the level of
tre Saseline flov in Ut/V < 0.7, {e.. In
T of e m=e reguited @ fush the e-bear
exzizec gas froc the cavity. At 70 H:,
taz.c cecay of puise-associated disturbances
vas also observed The results suggest that
2 =ay be possidble to operate the laser at
ever higher pulse frequencies without
degrading the sediunm uniformity {n the
cavity or the beaz quality of the outpu:
pulses.

> v 00 0sesoeesoscssavecsasvre

1. Insroducs:

In this paper, wve describe the inter-
ferometric measurement of gas density
variations in the cavity of a repetitively
pulsed excimer laser. This work was
motivated by the fac:z that densicy
inhomogeneities in the lasing gas are the
major source of refractive index variazions
in the cavity, and these variations, in
turn, are a major source of beam quality
(BQ) degradation. Thus, the atzainmen: of
good BQ dezands that the gas density in the
cavity be as spatially uniform as possidle
prior to energy deposition froz an e-beac
pulse.

In previous work., characterization of
the sources of meciuc nonuniformicy and
developzent of means to conirol thec wvere
given by Bauc, etal [1]. In their work.
peasurecencs vere made of the density °
uniformity i{n the recirculating gas anc in
the Dov folloving pulsed energy deposizion
in a closed-loop flowv facility. A two
dirersional unsteady code was developed to
gocdel the acoustic suppressor and to aid in
the design of future flow loops [2].
Analvdical models have also been developed
t describe the response of heat exchangers
o flucruating gas temperature [3]. Many of
these findings were incorporated in the
design of the excimer laser flow loop vhose
performance i{s evaluated here.
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Ve sought to establish the “"noise”
levels in the so-called baseline flow, {ie.,
in the quiescent closed loop gas flow,
vithou: pulsed e-bear pumping. In addidon,
ve evaluated the magnitude of densicy
variazons folloving energy deposiZion. For
actual pulsed lasing operation, ve have
found that the density variation decay to
the baseline level in a time which is only
708 of that required to flush the e-bean
excited gas froc the cavity. These resulcts
suggest the feasibility of operating the
laser at higher pulse frequencies without
degrading the BQ.

2' Evn‘vlzgnvnl s::'i:
2.1 Eyzecime-cal Sezup

A schezatic of the closed loop laser
Qov svstac 15 shovn in Figure 1. The major
elecerzs incluce a blover to recirculate the
g8s. & hes: exchanger to resove the heat
gererazed by the blover and the excess
energy deposized by the e-beaz. flov
corcdizioning devices for velocity and
tesperazure control, and acoustic
s.7sTessors to rapidly attenuate the
press.re fluzzuations {n the recirculating
gas arc che overgressure generated fol-
lovirg enezgy deposition.

c - eadfT222.22
Tre pricary diagnostic vas
i-terferozezry A double-pass Filzeanu
trzcferczezer with an 800 sWat: argon-ion
dier a4 = L Lie.= was used to measure the
8734 var:azior of optical path length in
tre Lasing cavity. The {nterference
patierms were shotographically recorded
v.i* sirg.e-she: Polaroid and léec high-
steeC at\ie caceras The exposure tioes
vere kep: to & minizsuz tO provide an
irszarzaneous snapshot of the density
nonuriforcicies. The movie caoera wvas
operatecd a: 6030-8000 frames per sec for
exposure times of 12.5-17 usec. The
exposure toe of the Polaroid photos wvas

aprroxicately 15 usec.

Measurecents vere nmade of the gas
te=perature at several locations {n the flow
loop Thercocouples vere located inpe-
dazely dovnstrear of the laser cavity and
4T the enzrance and exit to the heat

exchanger. Laser cavity sidevall tecxrter - l
ature was monitored using a resiscance
sensor located close to the wall surface .-
6 mm). Resistive sensors were alsc usec =z
monitor the coolan:t tecperature a:z =
entrance and exit to the heat exchange

Time histories of all sensors were recorcec

simultaneously on strip charzts.

The loop wvas designed to operate with
both argon and neon. Argon was seleczed as
the primary test gas because of its
relatively low cost and high index of
refractdon. The high index allowed us to
maximize the optical sensitivicty of the
interferometer and thus enhance the signal
levels relacive to the noise of the svscec.
The Reynolds and Mach nuzbers (Re and M) for
flov with argon were selected to match the
design operating values for neon as wvell.
Measurements with argon wvere made at three
Mach numbers (0.048, 0.068, and 0.086) and
at a _unit Reynolds number of about
2.3x106/necer. Measurements with neon
wvere made at M-0.048, Re - 2.3x10°/z, and
at M=0.035 and Re-l.lxlos/m. The design M
and unit Re for the flov loop were 0.044 and
2.lx10’6/m. respectively.

2.3 Interferograr Evaluaction

The magnitude of disturbances are
evaluated in terms of a spatially ros
averagecd optical path differences (OPD) over
a 10 cz diazeter par=al aperture of the
laser cavity. This apercure is equivalent
to more than 508 of the gain volume. Figure
2 gives the cavity dimensions, gain voluse,
and the evaluated field of view.

The interferograns were digitized either
sanually (using a digitizing tablet) or
sutopatically (using a video source) and
processed by VFAST! a fringe analysis
optical code developed by Phase Shifc
Technology. The code computes the phase
difference integrated across the optical
aperture. Aberrations due to tilt and focus
are removed. Maps of the phase waveforms
are generated and spatially averaged ros
OPD values computed from the maps. Typ-
ical error from manual digitizaction is
about 108. The noise of the system due to
nonuniformities in the operational laser
bean, aberrations in the optical compo-
nents of the interferometer, and distortions I




on the vindows of the laser cavity, vas
removed from the data by a point-by-point
subtraction of the tare map from each phase
Dap.

3. Experimental Results

3.1 Baseline Flov Characterization

The flov loop was designed to provide a
gas wix, flov rate, and density uniformity
to assure that the medium-produced bean
sberrations would yield a bean qualicy less
than 15. This requirement translates to a
dansity uniformity i{n the laser cavity of
8s/p = 1.3x10°“ from all sources, from
inhoaogeneities inherent in the baseline
flov as vell as froz those associated with
pulsed flow.

Ini=Xally, the flov rate uniformity of
the loop was chacked to insure that there
vere no large scale variations which could
cause density nonuniformities. A pitor
grcoe vas used to scan the flov channel.
These tests vere performed using neon at
«0C atz ancd flov velocities of 15.7 and 22
s/sec (M = 0025 and 0.048). Ve found the
Bear velocitw variations to be less than 5%
peas = peak (excluding the boundary laver
tegacr, 1t was concluded that these sczall
variazons had negligible effect on index
vara=cns ir the cavity, and therefore, no
fuciner measurecents vere nade. Tezper-
a.%e variazions. vhich vere expected to
have s more pronounce effect, wvere
craraczerizecd by interferomecry.

Suzgsarized {in Table 1 are all cestc
conciz=ons and results for the baseline
flov. llsted are the measured ros OPDs
cocputed for a single pass of the exciner
laser (CJ50 us wvavelength). Also indicated
are the equivalan: rms density fluctuations,
(6£/s)py. vhich are related to OPD by OPL
 (Bo/AN0/8p,¢)(00/p), where S is the
Chdstonoobdc coefficient, L s the
pathlength (0.70 =m), and p/p ¢ is the
operating density ratio (‘nt’ is the
aensity st STP). Esch value represents the
averaged result from a minimum of three
tests at the sape conditions. Except for
the tare values (l{.e., the system noise),
all other data have the systez noise
subtracted oul Some sacple interferograms

and their corresponding phase wavefcr=s are
shown in Figures 3-5.

The interferogram given in Figure :
represents the OPD distortion due solelv =
the optics and windows of the flow loog.
without medium-induced aberrazions. The s
OPD is about 0.04 waves. When the cavicy is
pressurized, an additional OPD contribuzion
of 0.027 from pressure-induced stresses in
the windows and from natural convec:zion
currents in the gas was measured. The ros
OPD from all noise sources was about 0.067
wvaves. Interpreted in terms of flow-induced
aberrations, this corresponds to an ros
density disturbance level of (8p/0) . =
5.7x10°3.

Figures 4 and 5 shovw typical interfer-
ograms for flow at M = 0.048 with argon and
neon These interferograms wvere taken when
the temperature of the gas and cavicy
sidewall vere matched. This insured that
the measured aberrations were primarily due
to acoustic disturbances and not caused by
thermal disturbances generated at the hea:
exchanger and convected into the cavirty.
The gas temperature was controlled by
varying the coolant flov rate; several flov
rates wvere tried.

At M=0.048, the mediux-induced ros
density variation vgs measured to be about
5x10°7 to 7.5x10°° for flow with argon.
Slghetly higher values of 8.3x10°° to 1.1
x 10 vere measured for neon. The higher
values can be partially artributed to-
resolution of the {nterferozeter. The OPDs
peasured for neon wvere generally less tharn
0.025 waves at Sl4 nm (or less than 0.04
vaves at 150 nm) wvhich {s near the device
resolution limit of 0.02 wvaves.

Figures 6 and 7 suczmarize the rms
density variation for flowv with argon as a
function of Mach number. The data are
plotted in terms of the parameters
(80/P) s 8nd (1/ 7-1)(8p/p) e Vhere 7
is the gas constant They are sflovn in this
manner for the reasons explained below.

Acoustic pressure fluctuations which
arise in the baseline flow (from processes
of gas recirculation) produce density



variations, or OPD variadons, in two ways.
Density aberrations can be generated by the
isentropic compression or expansion of the
gAs as acoustic waves propagate through the
cavity or, by the nonisentropic interaction
of acoustic waves with different elements of
the flov loop hardware (e.g., acoustic
suppressor, flov conditioning devices,
etc). If the disturbances affecting index
of refraction changes were purely acousde
(isenropic disturbances), one would expect
the density variations to be related to
pressure variations by (80/8) eps
(1/")“’/”::: or, in terms _of Mach
nunber, as {1/7)(6?/?):.“-0 M¢, vheres
a is a correlation constana If these
drs:urbnn:u vere the rasulr of entropy
vaves (i{.e¢.. nonisentropic sources), one
vould expec: the density variation to scale
vith pressure and Mach nunbgr as (80/5) o,
=(1-1/79)(P/P) p g ®(7-Da M .Therefore,
by shoving the censicy vu.&:ion in terzs of
either (2¢/s)pp, O (1/ ¥-1) (80/8)pp, -
soce insign: can be gained as to the
dociran: source of disturbance.

In ad¢dizion to the current results,
Figures 6 and 7 also include the
intec{erccetTic neasurecents made in an
exiicer laser Llov loop sizilar to the one
eva..azec here ;1}. The proportionalicy
faczer o, - 0 0lS. was determined {(n
ttcse exzerizenzs by & correlation of the
8eas _rec ;ressure fluctuations with Mach

N.Sle?

F.gures 6 anc * show clearly that the
=3 carsiT Luccuazorn incresses vith flow
Fa:® ruater Ir both gases, there s good
ccrre.atior wizh M°*. For exanmple,
(2678, ., triregses Dy nearly & factor of
tve fros 8x.C° 7 at M= 0.048 to 1.2x10°°“
et M= 086 A lesst-square fi2 to the data
gives & proportionality constant of 0.012
for (c0/6), and 0.018 for (1 / +-1)
(Lo/e) . Froos these results, it is
evicent that both {sentropic and
ror.sentropic disturbances are sources of
dersiy variaZons in the baseline flov. 1In
the range of Mach nuz=bers tested for this
flov loop, there s no evidence that one
source {s predominant.

“In  addizion to {sentropic and

nonisentropic acoustic disturbances. therza:
disturbances produced at the heat exchanger
and convected into the caviIty are aisc a
source of densiry aberrations. To deterz:n
the magnitude of these effects. a series of
experiments were performed in which the
temperature difference between the gas
leaving the heat exchanger and the coolan:
wvas varied. The temperature difference was
quantified as a teoperature mismatch between
the gas and flow loop sidewall. Figure 9
shows the inmarferogram corresponding to a
four degree mismatch. In this case, the
(OPD), o was uea_szzred to be 0.163 or
(Ap/p)rm-‘ =1.4x10"", which 1s higher
than the design requirements for the flow
loop. Plotted in Figure 8 is the effec: of
the temperature mismatch on (Ap/p)rms.
The figure shows clearly that thermal
disturbances from the heat exchanger can
greatly affect the level of density
uniformity in the cavity. A 50% increase in
(80/P)ppg. from 10°° to 1.5x10°%, was
measured for a four degree temperature
difference. It {s evident that thermal
disturbances must be prevented.

h-_--“

3.2. Inhorogeneisies Under Pulsed Lasing

Condizions

Interferometric measurecents of flow
aberrations within the lasing cavity were
sads as a function of time following energy
deposition by the e-beac at rep-rates of &0
and 70 H:z. At 40 Hz, more than 20
consecuZive pulses vere achieved. At 70 h:z,
only three pulses were fired. '

A series of interferogracs at selected
tiae intervals shoving the evolution of
disturbances folloving e-beac deposition is
given {n Figures 10 and 11. The firsc
sequence shows the history following the
first pulse, the second shows that following
the tventieth pulse in the same pulse
ain The directon of the flov and of the
e-bean are marked. For clarity, the
location of the original e-beam excited slug
of gas at several times is also shown
pictorially. Indicated {n the figures are
three times, the absolute time, t, and twvo
dimensionless times, F-Ut/V (the flush
factor) and ct/V (the number of acoustic
vave transits across the laser aperture).




v

Here, t is the time elapsed after the pulsed « energy deposition; the fringes reza:x

energy deposition and c is the speed of’
sound in the gas. A flush factor of unicy
is defined as the time required to flush the
original slug of gas completely from the
cavity. For the flow conditions shown (40
Hz rep-rate at M=0.048), each slug of gas is
displaced from the cavity and replaced by
undiscurbed flow 1.96 times between pulses
(or the flush factor is 1.96). In terms of
acoustic passes, ct/W, there are roughly 20
passes before the gas directly heated by the
e-bearn clears the cavity, and another 20
passes before the next pulse.

Prior to energy deposition, the
character of the flov {s consistent with
that found in earlier tasts; Figure 1l0a is
siz{ar t Figures 5 and 6 except that there
are nany sore fringes. The rms dens{ty
fluctuacion in the cavity is about 1.2 x
10°%, whkich {s near the high end of the
range of values measured for the baseline
flov At t=0', ipmediately after the
e-beaz s fired (Figure 10b), the
dlsturdbances due to heating are so large
that the interferograz appears blurred.
Hovever, by Ut/v=0.16 or ct/W=3.33 (Figure
1Cz:. an interference pattern vith highly
diszorzed fringes can be clearly seen. A
ncatle festure {n the photo {s a narrowv
bar: near the wop wvithin wvhich two diszince
icces aprear The band apparentzly marks the
irterface betveen the gas that wvas
crgrallv ir the gain volume and that which
wvas berinc {2, in the rest of the cavity
(see sikezch for correspondence). Belov the
tar2 the &mrges are distorted: while above
the barnc. the fringes are fairly straighz.
Ir. subsequen: photos (10c-f). the band and
diszorzed f{ringes ({.¢. the e-beac heated
gas’ sove dowvrvard through the cavity at the
flov velocity of 15.7 m/sec. By Ut/V =« 0.31
or ct/v = 646 (Figure 10f), the ctrafiling
edge of the original slug is conmpletely
vizhir the field of view. By Ut/U=0.55 or
ct/e=11% only & fev fringes are distorted
vhich suggests that nearly all
pulse-associatad disturbances are ZQushed
from the cavity. By Ut/W=0.63 (ct/Vv=11.1),
the fringe pattern is sim{lar to that prior
to the e-beaz pulse. At later tizes, Uy/U>
0.7 (ct/¥ >14.58), there {s no evidence of
any residual density inhomogeneiy froz the

In terms of slug locaziern,
al. of zhe
viewing

undistorted.
beyond Ut/W=0.75 or ct/W=12.6,
original gas has clearec the
aperture.

The character of the flow following the
twentieth pulse is similar to that following
the first as seen in Figure 1ll. The major
features, such as the band of disturbances
which mark an apparent interface between the
d{sturbed and undisturbed flowv and che
propagation of the heated slug through the
cavity, are all evident. Like the firsc
pulse, all pulse-associated inhomogeneities
appear to be attenuated by Ut/W=0.7.

Figure 12 gives a comparison of the rms
density variacion as a function of Ut/V for
the two pulses just described. Prior to the
firing of the e-beam, a series of three
interferograms was analyzed to deterzine the
baseline noise level. The averaged OPD
leve] for chis series is (8o0/p) . ~1.2
x10° Between Ut/¥ = 0+ to 0?? the
cavity is flushed and the aberrations in the
thernmally-distorted gas were too large to be
analyzed By Ut/W = 0.55, the trailing edge
of the slug which was originally within the
gein volume just clears the aperture (see
Fig}ures 10{ and 11{) and (80/P)pge
10°°, Berween 0.55 to 0.7, the rms density
disturbances dizinish rapidly, by nearly an
order of magnitude to 1.3x10° Bevond
Ut/A=0.7 or ct/W=14.6, the rms disturbances
cannot be dis=nguished frozc the baseline
flov noise level.

For the twventieth pulse. & sizilar
behavior {s observed. Specifically, the recs
density variation decays to nearly the
baseline level by Ut/V = 0.7.

These results i{ndicate that the acoustic
suppression systex in the flow loop rapidly
and effectively attenuates the pressure
vaves generated in the cavity by the energy
deposition. By the time the thermally
disworted gas is flushed out of the cavircy,
the residual cavity pressure fluctuations
(from the initial overpressure) are too
spall to be detected. The density
uniformity in the cavity returns to the
pre-pulse or baseline noise level in Ut/W=-



0.7 (ct/W = 14.58). Even afrer more than 20
pulses, there is no degradation in the
baseline flov medium homogeneity. These
results suggest that the flow loop can be
operated at higher pulse repetizion rates
wvithout exceeding the cavity density
uniforzity and beam quality alloved. The
curren: results suggest that a rep-rate of
100 Hz, corresponding to a flush factor of

0.7, 15 possible.

Ve nov move on to the results at the
higher rep-rate. Filgure 14 showvs the
interferocetric tme history for the first
pulse in a series of three at 70 Hz. The
res dernsity variation vith time i{s given in
Figure 1). The flov Mach number i{s again
0.0.8. At this higher rep-rate, the flush
factor 1s 1.12 and the total number of
acoustic passes prior to the subsequent
pulse {5 21 The energy deposition per
pulse vas estizated to be 30-1008 higher
thar that at 40 Hz. although no direct
seasure of the energy vas amade.

The feastures seen in Figure 14 are
sizllar to those {n Filgures 10 and 11. In
par=cilar. the band of irregular fringes is
cleariv visible and {nhozogeneities are seen
 projagate through the cavity. A direc:t
cocsarisen howvever, {ndicates one

Clfererce At the higher rep-rate, longer
tices are reguired to attenuate the

Pwse-assoziazed disturbances. For exacple,
ir Figre il onlv the last remnants of the
disoriec Iringes are apparent by Ut/Vv =
Clfor cx/v = 1146 vhile {n Figure 14,
large ccstor=lons are still eviden: at thas
tize Bevonc Ut/V « 0.78 (ct/V = 16.29),
the Zinge pattern {s sicilar to that prior

to the e-beas pulse.

The longer time required to attenuate
pulse-associlated disturbances {s clearly
shovn in Figure 1) vhere the ros density
variaZon as & function of time {s given for
the tvo pulses. The slover attenuation at
70 Hz ts not surprising and can bde
attributed to the more than 50V greater
energy depositad per pulse. By Ur/V <« 1
(c/V =« 208)), the density uniforzmity in
the cavity {s sbout the same for both
cases. Note that Figure 13 does indicate
that just prior to the second pulse at 70

Hz, (80/p)
baseline. Af:hough this can be parziallv
attributed w the digiti=zing error inheren:
in the interferogram evaluation, this resu.
suggests that for high frequency opera=cn\
further fine tuning of the acousc:::
suppression system may‘Pe necessary in orcder
to achieve the 1.3x10™" homogeneizy leve.
requirement imposed on the laser.

Overall, the mediun homogeneizy
measurements in pulsed flow indicate that
the required desigzx density uniforzicy of
(Ap/p)rms-l.BxIO' in the laser cavity
is achieved.

To conclude, some results for neon are
presented. The interferometric time
histories shown in Figures 15 and 16 are
those following the first and twventiech
pulses (from a train of 23 in neon) at the
40 Hz rep-rate. These have been included
for comparison with the analogous argon
cases and for reference. No difference in
behavior for the two gases was observed. As
in the argon flow, the Mach nuaber for flow
vith neon was 0.048. Since the sound speed
in neon is larger than in argon, the flow
velocity is higher (22 m/sec) than for argon
and the flush factor therefore, i{s also
higher (2.75). Note also that the fraces
shovn in Figures 15-16 and in Figures 10-11
are at corresponding absolute times and not
at corresponding normalized times, Ut/W and
et/

L Syrrary

Mediuz homogeneity measurements of the
baseline flov and of the flov under pulsed
lasing conditions {n a repectitively pulsed
excimer laser were conducted {n an effort to
characterize the performance of the laser
flov loop. The primary objectives vere to
detarmine the magnitude and sources of
disturbances which contribute wmost
significantly to {ndex of refraction changes
{n the laser cavity. The major findings are
sunoarized as followvs.

1. The magnitude of density fluctuations in
the baseline flov was measured to be
vithin the design requirements for BQ

{s slighzly higher thar zhe




)

considerations. A value of (ap/p) s
«1.3x10°%, corresponding to a BQ-{%.
was measured for flowv with argon at M =
0.048 and unirc Re-2.3x106/m. Similar
homogeneiry levels were measure for flow
vith neon at the same Mach and unit

Reynolds numbers.

The cavity density variation observed {
this experiment showed an M
correlation. The data indicate that
both i{sentropic and nonisentropic
acoustic fluctuations are sources of
density inhomogeneities.

Therzal disturbances produced at the
heat exchanger due to a temperature
sissatch betveen the floving gas and
sicavall and convected {nto the cavity,
vere & source of large density
fluctuations. A 508 increase in
(¢/0)pp, vas measured for a four
degree temperature difference.

There vas no evidence of a degradadion
in the hooogeneity level in the laser
cavity oz one pulse to the next under
rep-pulsec operation. At 40 H: pulse
raze (Cov wvith argon and also with neon
a2 M = 0.0.f). the magnitude of density
variations followving the first and
twer.Zah pulse in the same pulse train,
vere founc to decay to the pre-pulse
level ir less than the time required to
Lush the cavity of the e-bear excited
g8s A post-pulse (80/8)pme ©f 1.3x
1C°" vas achieved within ﬁ:/l-’ - 0.7
(flustk factor = 0.7).

The scoustic suppressor rapidly and
effecively atianuates the pressure vave
generated in the cavity by the energy
deposition By the tine the thersally
distorted gas is flushed out of the
cavity (Ut/V « 1.0 and ct/V « 20.8)),
the cavily pressure fluctuations are too
small to be detecrted.

The loop can be operated at a pulse
repectition rate of 70 Hz without
exceecing the cavity density aberrations
alloved for a bean quality budget of
1.5.
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Figure 1 Scnematc of Closed-Loop Pulsed Figure 2. Rep-Laser Cavity Configuration
Laser Flow System

Table 1. Measured rms OPD for Baseline Flow ( ) = 350nm)

' GAS  MADH uNIT ’ COOUANT  |aT] RMS Ecuv
. NJMBER RE (;—') FLOW oPD Ams (22
. (m) ~ RATE {ceg X _9‘1 ( ? )
No~e ] 0 NA none 0 .._0040 NA .

| Argon o .0 208 none o 0057  &7x10°
A-gs~ 0048 23x10¢ 208 _none 0  0OSE 48x10%
aoc:8 23z10° 200 _ ow ... 0 T TamrsT e4ax10%

0048 23sx10° 206 _wpn 012 aoes  7.sx10%
I 0048 23x10° . 208 . Toh TUTT30 T @176 1852104 ]

0048 23x10° 208 tow 40 0163 14x10*

- — - .-

lagan 0068 "~ 23x10° T 180 _Tw .- T.085 " _ooes” " 78x10%
0068 __ 23x10° _ 150 __mgn __ 0. 0100 __  12x10%_|

| Q068 . 23x10° . L0 . _bow .— . 39. - 0131  16x10°]

: Argon 0086 __ 21x10° 108 low o_ 0.069 1.2x10*

| Neon  agas TT.L1x10' T 280 T none o 0041 " T1xi104”

Neon 0048 23z10° 400 none 0 _ T 83x10*

| . Qo8 .. 23x10° __ 400 - "low. 03. -0049 " g7x10%7]
0048 _ 23x10° 400 __ wgh 02 0083  1i1x10*

| 0048 23x10° 400 low 0059 . 004 T T12x104
0048  23x10° 400 __ mgn 08 _ _ 0048 1.3x10*

| 0.048 23x10¢ 400 none az 0033 * 25x104
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Figurs S. interferogram and phase wave!orm Of baseune 11ow witn Neon, M = 0.048
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Figure 12. RMS density vanation as function of flush factor (Ut/W) following
first and twenteth pulses in argon flow, M = 0.048, 40 Hz rep-rate.
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first pulse in argon flow, M = 0.048.
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{ ' 1
fﬁ J : ~Selection of the porous plate 09/25/98 09/26/98 09.28/38 10711 '
1
0000191 ua kgl(m‘sec)' Viscosity of air at NTP; 1 atmosphere and 293 15 K
1.205 Rhoa kg/m*3 Density of air at NTP: 1 atmosphere and 293 K
. Reference - Pall Corporation Data on air: PSS-700E
.000356 t m Figure 4, pp 9, Grade T 0.014 inch thick
86.2 dpa1l N/m*2 Data point1 ' l
1.524 va1 m/sec Data point1; 300 cuft/(min*sqft) or 5 fusec
1379 17 gpa2 N/m*2 Data point2
15.24 Va2 m/sec Data point2; 3000 cuft/(min*sqft) or 50 fUsec '
c 06545534 Porous plate drag constant _
x 1.288E-10 m"2
permeat] 1.13491E-5 m Porous plate permeability l
Calcutations for pressure ¢rop in laser gas
Retference 9/21/98 modei l
2 2481 RhoKrF xgrm*3 Laser gas density; T 323.15K
0000262¢ uKrfF kg/(m°sec) Laser gas viscosity; T 323.15 K I
2127 wnmuzr nvsec Veiocity of 1aser gas upstream of the porous plate
DpXrF 175 203337 N/m*2 Pressure drop in laser gas for the porous plate
4125 Uflow nusec Lase head flow velocity l
T Q 19 1264133 N/m*2 One head loss in laser @ cavity conditions with Uflow
T 7T Taun 50853472 N/m~2 ,
T T noisautn 34 452581 ApKrFiquth across the porous plate based on Uthrmizr -
oo naisqufl 9 16028186 ApKuFiq across the porous plate based on Uflow
ST Sanawach this Rigimesh within in two pertorated plates
22 rpmpr l
T T eperor 11 1877638 N/m*2 Mead 10ss across 2 sandwitchmg perforated plates
n we m ‘ |
m 1
e 197__5, 3 o.n_ inch Input trom IMS/HB Compaby 09/28/98 Vaneax:al tan type B-LB,
o ’ uin 893361538 nvsec Veloaty in 10p Circutar section of the 100p l
o _': m_-ao;ﬂ}ﬂ B Assume number of head 10ss in header due 10 sudden expansion
_ Soumnsen 89 7098502 N/m*2 inservon 10ss at the porpos plate upsteam pienum »
B apotaingr 276 100951 N/m*2 Total pressure 10ss 1n top leg header (inserion+pertorated plate+ l
motainar 14 4355843 Total number of heads loss in header based on Ufiow
Carry this number in blower selection
i Resgeteg 353443 738 Reynold's number of the laser gas flow in side legs .
s a0 msec . l
o Min 031253902 Mach number of the flow I1n other arrcular legs E
_ 16 p psia Pressure of the laser gas !
16648 Y Gamma for the laser gas : l
. 015 fourt Reterence Shapiro Vol - 1, pp 184/187. 4f with &/D ~ 0.00012. ¢ ~
8811 Uaseneg m :
435 flength

ar.ac.e Snee<

CcTl2982.TKw




[ | |

| Lotherlegs 4.361445 Im

i All other legs (top/bottom/side) are assued to be smaller in lengt®

i L3legs ' 13.084335 m

Tota! length of the three other 3 legs

- Apin3legs 38.1140015 N/m”2

nwalifr 1.98274171

Number of wall friction head losses based in 3 ieags basec on Ut

Use the above number in nmusc for blower power calculations
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Krf Laser Flow Loop Design: 09/18/98. 08/21/98 092298 0¢ ZZ &t
. 09/28/98; 10/01/98; 10/03/98; 10/05/98 10/07/98

For physical/operational parametes see customer requirements

Gas composition: YAr=0.6594; xKr=0.3375. xF2=0 0031
Use TRW GASPROP code to calculate gas properties

16 p psia Operating pressure for the fiow loop

54 742 Mwt kg/kgmol Calculated value from TRW GASPROP coge outputs

323 15 T K

8314 RO Ji(kgmo!°K) Universal gas constant (pp 77. Thompson)

Rnc 224809298 kg/m*3

3809011 Cp JI(kg°K) Catculated value from TRW GASPROP code outputs
I N 229 025027 J/(kg°K) Calculated vaiue from TRW GASPROP coae outputs

16648 v Speaific heat ratio

00—0526246 v kg/(m.sec) Viscosty

Dimensions of an acrtive cavity

K Lo m

Vadtve 09 m*3 Active volume of the laser cavity
mvaztve 202328368 kg Mass of the laser gas 1n active volume
See customer inputs. neglect energy going out into laser beam

Assurming nlasing very small number (assume-venty)

|
N
!
f
|
T
1
3
.-—-—‘-

6" cs J Energy Dumped into active volume of the 1aser gas per puise by 2 e-b
o *211 056696 K Instantaneous constant volume lempera:u;; nse
L: 710 4499679 psia Instantaneous constant volume pressure nse. I
ZeoveT | 653122994 80p=AT7T :'_—_ ___‘
e i « Myuttiphication tactors tor bounaary layer; e-!c-'«'a;wme'vem;; -
< e ' See pp 4-17 AVCO paper T i l
. :lt ; D s T T
} A __: i{c“ ‘ b &) m Dimensions of the floow 100p cross section tor a laser head l
Lot h k) m
- *—Loﬁ - 1 m
o _:V_las.e-_r.nd 11979 m*3 Votume of the laser head section l
< 5_;_’____ # : Fiush tactor
FF 25 See pp 5. NRL Repon I
3 ._5_ PLTs;R«ate Hz Laser pulse rate
o Ufiow 4125 musec Laser head flow velocity l

Fiowrate 317276093 M*3min__ Total flow rate. see HB Bulletin C3300_ September. 1996

qQ 19 1263535 N/rm*2 One gynamuc head (@ cavity flow conditions)
1 nhex See pp 13. NRL Report (assume/TBD)

"w

ST T LT rTYEETE
Ll aalaw llemes CctlT%BLl.Tkw age -l




| Number of head loss in thermalizer. see caiculations in iater po..

Co | nthrmizr 6 e
' 1 6 ' AMISC Miscellaneous, wall viscous tosses. tums and bellow see 03°28 9;;}(
; nmisc=nwallfr+ntums+nbellow; 2+3+1=6" see 09.28/98 TK file 2 assuy
15 nhrdppp See 09/25/98 to 09/28/38 work on header and porpus piale seeeéx_;::-
k ntotal 37 Total number of head loss based on Uflow
...~ aptotal 2.76630189 10th H20
2 sm Operatinal safety margin (assume/vanty)
See pp 12: NRL Report
' smaptotal 553260378 inch H20  Use this number for selecting a blower
DesignFR 3172.76093 ft*3/mun Use this number for selecting a blower
l Pumppow 2119.30935 N°(musec) Blower power with safety marg:n
. Biower-P 2 84199464 HP Blower Horse Power. safety margin is included herein
58 nse Effiaency number input form IMS/HB Company 09/28/98
l HPpiug 516726298 HP Piug power
Use vaneaxial fan type B-LB direct anven @3600 RPM
F 1 204 Rnhoa:irsip kgrm*3 Densaty of air at stp (pp 640; Thompson)
SCFMaire 5924 13752 sctm
': T T smapareq 2 96306915 inch H20  Pressure head for air equivalent design with safety margin i
o T BiMParreq 2 84199464 HP Blowe Horse Power (air equivalent), safety margn 1S included herein
l T3 T tepeam E-BEAM FLANGE ACOOMODATION DISTANCE
- - Lebeam 99 m x
- o ACOUSTIC ATTENUATORS/THERMALIZER/HEAT EXCHANGER
l Taf 285843153 nusec Velocrty 0! sound in l1aser Qas
N T T2 Number of interputse acoustic transients T
' . " tupupan
) Lbauo:” 3 m Length ypsteam of the upsiream attenuator
l ¢ “rupstan Upstream attenuator
Lupyar 264 m
3 e Degree Hatt angie of expansion 1or the upstearm channel in gegrees
' S Wuschate 641302209 m Wiath st the entrance to the upsteam attenuator
- fRmmze
T T Geemazr 231 m Length of a thermalizer section '
' s tupthrmizr '
) Lusthrmitzr 165 m Chamber length upsteam of the thermalizer !
¢ tasuptnem |
l o Losupthrm 165 m Chamber iength downstream of the thermalizer
) 6 faownstan Downstream attenuator
o Loownsatt 1 98 m Length of the diownstream attenuator !
l E fasasan ;
Lasasan 165 m Length of a section downstream of the downstream attenuator '
4 fasnex
T Lashex 132 m Length of the downstream heat exchanger (assume/venty)

R ™ - -
l..,. edl ot Jlwel
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.5 | fdsdshex ! | | __'
| Ldsdshex  .165 I m | Length down sream of the downstream heat exchanger
2 fwdshex ' . Best guess (check with CATIA). accomodates for the width o! the neat
0 frisc
Lmisc 4] m Length of the musc section (assume/venfy with CATIA)
Liegtotal 8 151 ‘'m Total length of the laser leg of the flow loop '
Vupatchn! 1.58662216 m*3 " Volume of the upstream attenuator flow channe! See page 2-13 Marx
Viaserieg 4 19848475 m*3 Total volume of the laser leg of the flow loop .
18 1875 dotheneqgs inch Diameter of the ducttube for other legs (See Fax by IMS H-Bdated 09
14 908 Lotheriegs m Length of other feags (assume/venfy from CATIA)
VNiowtoop 6697 2315  Iner Total volume of the entire flow loop (venty from CATIA)

Check for the missing volumes of the top and bottom bends in the 13s

3 fgepthan
Deptnatt 485 m Depth of an acoustic attenuator
Packing matenal. See pp 47 of NRL Report ®© ~ 099 k ~ 4 x 10°(-5) I
- - packing density ~ 1%, 8 micron fiber with trom pertorated plate
T T T T T T tanemp
T T -.V—v.a_nunp k] m Width of the compartment 1n acoustic attenuator .
T Boundary layer suction '
'-—O_nyarauhc 507692308 m Hydrauhic diamater in the actual laser cavity .

- ReD 179380 686

Reynold's Number based on hydraulic diameter

. 33 m
" Re. 71165974 46 Reynold s numper based on lenght to cavily entrance from thermalize l
‘ Assueme the following -
t - 2 94133421 inch Bounaary layer thickness Turbutant flowwith zero pressure gragient. p
8t 367666777 nch Dispiacement thickness
2 285963048 nch Momentum thickness )
(<21 285963048 inch Thermal boundary layer thickness = Momentum thickness (assume/vel
T HEAT EXCHANGER "
j - -: --y;_sf—'“’ 48900 Watts Total energy dumped into cavityby 2 e-beams per second. N*(musec)=
o Heatioad 51019 3099 Watts Tota! heat load (e-baem enrgy+pup power) to be removed by the heat
maoonotal 3 36623822 kg/sec l
L THERMALIZER ; l
L For Pr=0 70. use V. Kulkamey's memo dated 11 September, 1981
t
64 wWanrmizr m Wiath of thermalizer ' I
) utnmmize 2 12695313 musec Flow velocnty upstream of thermalizer
12 HCo Honeycomb solidity
) _001608 HCha m Honeycomb hydraulic diameter

RethHChg 332 858958

Reynold's number based on honeycomb hydrautic diameter

. .
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Oeﬁgtn of a single slab of a honeycomb

li | .01778 { LHC l | m
! ! io .1328597 ! - Honeycomb size parameter, Reference V Kulkamy
. 1000 ' DTR - Regquirement ATUATo (assume/verity): ATi ~+:- 2 K (assume venty
1.06 PLOT " Figure 5. Reference V. Kulkamy
NHC 6.51675026 Calculated number of honecomb slabs
Nhc 7 Selected number of honecomb s!abs
32 PLOTA Figure 6. Reference V. Kulkamy o
nApHC  21.5867352 Number of pressure head loss across honeycomb based on Uthmmizr
nApTH  5.73924675 Number of pressure head loss across honeycomb basea on Uflow
Ltotafthrm .23114 m total length of the thermahizer unit with unit spacing in between the sia
7.6923 PLOTB Figure 6. Reference V. Kulkamy

nthrmizr 47 8239584 Wats/(m*2"KOverall heat transfer coefficient tor thermaiizer note Joule/sec=Watt

MEDIUM HOMOGENEITY

Beam qualty; Goal 1.5; 09/23/98 M Wacks input

Basehne flow aberrations

Use Marechal's approximation, See pp 26-46 NRL Repon

Acoustic disturbances caused by gas recirculation

. Mcavity

014430991

Cavnty flow Mach number

ap

gRnoRno1 2 0767E-6

RMS acoustic vanations due to baseline flow agisturbances

l _ -j 2\_1 165 m Scale of these disturbances
Measured temperature fluctuations in baseline flow
~cce am K
. ' B Tcﬁgz@pi’ 1 23782E-5 RMS thermal vanations due to baseline tiow gisturbances
T Thermat aisturbances from heat exchanger thermatizer
l g " LTwangas K Twall.Tgas See AIAA 90-1796. pp 10 T
: anr.w;ﬁnai 00031 Wingow boundary layer effects
l ' “. Puised flow aberrations
. _ venty with getalied PLACATE Code analysis -
l osiore AN Acoustc effects (assume_venfy with aetaned PLACATE Code anaiys:
o _’aﬁncﬂnu 000015 See pp 46 NRL Repon
I . ODOC?S___ . ANS Em-n;; aisturbances (assume. venfy with getailed PLACATE Code an
_._qﬁhoﬂnos 000015 See pp 46 NRL Repon
l_ 1f§9 . pre! psia Reterence pressure
:_9_1.1_5_____ Ivej K Reterence temperature
) Rggﬂo 227525639 kgrm*3
I - NoofPass Number of passes in laser amphfier (assume/venty)
OPL 22 m Optical path length
000000248 A m Wavelengih of taser
00028 B Gtaastone-Dale Coetficient @ A of interest (assuem/venfy)
) J.\--}) 032023398 RMS
402 190874827 RMS
L4 231304501 RMS
e CoTlT el Tkw Fage 4



.

| 405 | 231304501] “TRms T

| OPLBT | .02805383 | m | Optical path length for ATwallgas related disturbances

! | | ADI i .0631208919! | RMS .
| | : BQ1 ' 1.00051288"  Beam quality
Co i BQ2 1 1.01838353: : Beam quality

Ba3 1.00199468 Beam quality

BQ4 1.0271119 - Beam quality
' : - BQS 1.0271118 . 1 Beam quality
. A®ms 3852890191 Root sum squared of all A®s

8Q 1.07704784" - Beamn quality

See the header design and porous plate selection 09/25/98 amd 09/26
. Il

FLOW LOOP |
FLOW LOOP ENGINEERING DESIGN al
Flow loop lay-out i
Flow loop structural analysis | .

Engineenng design

!

1
GAS SUPPLIES 1

I

L _ FLOW LOOP OPERATIONAL SAFETY/MITIGATING TECHNOLOGI '

Varl.az.e Snee: 0zz079Bl.tkw Page 5'




z . 86/P1/0L NN

"ubisap ay) 4oy Jusawaiinbal |eoIuYD3)} |aA3| Ao} B SBW023aq Jaje]
ay] -Apsusbowoyui yjed ajgemojje wnwixew ayj uo Jiwi| ay) s}as
(Aywiojiun-uou aduelpell) uoljepesbap abew ajqesajo) wnwixew -

‘uoljouny peasds-juiod papelbap
-Ayabowoywi ayy yym abew yabie) (Juasayooul) ay) A|0AUOD —
‘J8jowelsed
93J) B aq |Im aduelleA aseyd uaaiog ‘syjbua| ajeas Ayauabowoyul
0} buipioooe saseyd WOPUES Y)IM SUIIISQNS O}Ul USIDS aY) BPIAI] -

‘uiel} ayy ul o11do ise| Jo Juouy ul uaalds aseyd |eanjdo ajeas) —
. yoeoiddy .
"uoeao| 19jjad ay) o)

pakejas abew jabue} payisuajul ayy jo Ayjenb jeando ay) uo eipaw uieb
layiidwe ayy ur sanisuabowoyul |eondo o 108y ay) ssassy :aAdalqo -

yoeoiddy pue aAoalqo

ARyry




suoleunaqe aseyd

313y yibua| ajeas ino s asay)

Jaj3welp 3duad13Yy0od 3y) Jo 3j0J 3y ‘a13ydsowye
ayj ybnosy) weaq 1ase; e jo uoyebedosd

0} Jejiwns S| wajqold ainpade aduesjua

ay) o} yibua) ajeas Ayauabowoyul ay) jo ones
8y} uo puadap Ajbuons |im s)nsas ay) Jey) ajoN

w 06 ‘Yibua| jesoy pawnssy

(wd ')
19 206 se sajeds p|ay aueid |e20j OO0V X 00V @Y

/ wd
Ni , ﬁ G0 0 = hun | 0) S3jeds PjaYy Jeau OOy X 0P @Y
__A\ 191awerp ui wd g¢ 0 st 8bewn ay) 319
C aBewn 1aBier \\:m.m.m. asnyp ¥IOM S UIIY WiOI) UINE} W | | O} Pajeds
2 b -~ ﬁ\ G 91 jo yibua; ajeas Apauabowoyur ue pasn |
-
Jayydwe

jeutj wd O e pue dndo wd QZ e pawnsse |
Avuyur Aamdaya s buimesp ay) u 'y aoue)sig

paysnl snyj s1 u3aIds aseyd wopue)
Uiyl € JO aSN 3y | P1aty 1LV Y| W e Jul weaq
3yl jo sped e sainsw yibuaaaem 41y boys

2

86/¢1/04 NN

AAN1T ¥

suoljesapisuod ubisap jesuswnu dIsegq




' 86/v1/01 NN

oov

80

ARNZ aue|d jajjad ay) ul abeuw
o S pajiwij-uonoelyip ayj pue uoljouny peaids julod




86/G4/01 NN

. AEEHTITERERE |
v it A ira. »
- ﬂJ“r. P Lo k72 o
RGP P o ha ﬂ , - . 74
> o
ooy 0%t d A . ”
A . *
. _~ = o J )
! pw.... m. . 0% ¢ a1 N,
.‘f .
..a‘._...”- 4-.1 R . “'
“.‘...“.,.n... m ! oot el .
...4.. L] .W -~
Tran =
sl
...:. ” ' %
. _ ‘.
] ” 'n
. ..? : m o
Vi
T -
r ~_£ J
gl .
ooyt 1
R ; oot
KT
', 4. . .
St SIAEM 9 €0°0 = ewdig
. [ ¥ ]

..._ doj yjoows e pue sabpa aosueipeu
Adpr1 1’y dieys sjeanas Guilbewn paywij-uonoelyp Ajeap




g
g
&

ad

TEER

i~
e gergyme,

AAN X

86/51/01 NN

"UOTIOISIP

SNOWLOU 123dXd J0u pjnoys
U0 2J0jaIYL *| g € St eatL
ajeas 0) anudde jo ones ;210N
2undi) o) punose 100§, a4 ul

djqradNOU s1 osje Juiserje awog

"SINJJ0

Buipunos apjoid awos ‘sanem || = ewbis |y




86/51/01 NNd

INOj Jo

.

. 1414
. peaisur anpade ssosoe sayded

Vo o
APRTRSREY wapuadapul £jjeansners
NEIER GC 9A13 0) paanpal ajeds
| os¢ SIAEM [ ()] = ewidig

Buipunos abewi sasealoul ainpade ay) o) aaieas
SEQT Y 9eods ay) Buionpas ‘uoneinap piepuejs aseyd awes ay) J04




8 _ 86/p1/0} MW

‘ubisap wajsis
3y} uo palAs} Juawalinbal |eo1uyoa) |aAs| doy ay) jo Led e awo23q
sjiwy saiauabowoyul yied |eando sny | Ajwiojiun jo |9A3] paquosald
B ulejuiew o) pappe 8q }snw saul| weaq |euoljippe ‘abie| 00} sawo0oaq
dooup 8y} jj ‘19bi1ey} 8y) sa|) aulj weaq yoea se ajqemolje abeuw
3y} ssouoe Ayisuajul uy  dooup, ajgemo|je ay) si ainseaw ajendoidde ayy
‘1anamoH ‘(jsniuab jo axous any) ) ‘82inos juiod Juaiayod e pey jey)
wa)sAs e uey) sapiduabowoyul aseyd jo Jueia|o} 310w yonw aq ||im
wa)sAs 41y pasodoid ay) ‘uoseal siy) Jo4 ‘pajenus)je aq o} abew ay)
jo yed (Aouanbayy jeneds ybiy) dieys ay) buisned 13y ssed mo| |eneds
B se Joe 0) si abew) ay) jo uonisodwod ay) ul jusuodwod wopues 3y) Jo
108)J@ 8y "jusuodwod Wwopues pue JRSIUIWIBBP B YIIM 31apajul abew
Sllul} B Ul paAjoAul sjuawala ainjoid jo saquinu abiej ay| -op sejs ay)
1INQ ‘3]uIM] },USBOP BUIINO S, UBplEW 3y} :3]uIm) Jeys Buiniasqo wodj
siayjip sse|b jamoys ay) ybnoiyy uspiew ayj buimaia yey) Aem awes ay)
ul ,8|}o8ds, paoanpul-82ua|nqin} pialj-iej wolj siayip (sanivuabowoyul
aseyd) aoua|nqin) jo asuasaid ay) ui s)03lqo ajuy jo buibew| .

.‘ uoljeAIas
ARNT ¥ } q0




